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Abstract
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Abstract
Sodium-ion and sodium metal batteries are the most promising candidates for largescale energy storage systems, on account of sodium’s superiority of low cost and large
abundance. To develop suitable electrode materials is the main scientific challenge for
their practical application. This thesis project aims to fabricate a series of electrode
materials with advantages of economic benefits, environmental friendliness,
nontoxicity and structural stability, such as carbon-based and titanium-based materials
for sodium-ion batteries, as well as sulfur-based cathode materials for sodium metal
batteries.
Here, novel hierarchical 3D porous carbon materials are synthesized through an
in-situ template carbonization process. Electrochemical examination demonstrates that
the carbonization temperature is a key factor that affects Na+ ion storage performance,
owing to the consequent differences in surface area, pore-volume, and degree of
crystallinity. The sample obtained at 600 °C delivers the best sodium storage
performance, including long-term cycling stability (15000 cycles) and high rate
capacity (126 mAh g-1 at 20 A g-1). Pseudocapacitive behavior in the Na+ ion storage
process has been confirmed and studied via cyclic voltammetry. Full cells based on
the porous carbon anode and Na3V2(PO4)3-C cathode also deliver good cycling
stability (400 cycles). The porous carbon, combining the merit of high energy density
and extraordinary pseudocapacitive behavior after cycling stability, can be a promising
replacement for battery/supercapacitors hybrid and suggest a design strategy for new
energy storage materials.
In the second work, sulfur-doped double-shell sodium titanate (Na2Ti3O7)
microspheres constructed from two-dimensional (2D) ultrathin nanosheets are
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synthesized via a templating route combined with a low-temperature sulfurization
process. The resulting double-shell microspheres delivered a high specific capacity
(~222 mA h g−1 at 1 C), excellent cycling stability (162 mAh g-1 after 15000 cycles at
20 C), and superior rate capability (122 mAh g-1 at 50 C) as anode for SIBs. The
improved electrochemical properties are originated from synergistic effects between
the unique double-shell nanostructures built from 2D nanosheets architecture and
sulfur doping. This synergistic effect not only stabilize Na2Ti3O7 based electrode
during the cycling, but also improve the sluggish Na insertion/extraction kinetics by
narrowing the bandgap of Na2Ti3O7. The synthesis strategy proposed in this work can
be developed into a technical rationale for generating high-performance sodium
storage device.
Finally, room-temperature sodium-sulfur (RT-Na-S) batteries are highly
desirable for grid-scale stationary energy storage due to its low cost; however, short
cycling stability caused by the incomplete conversion of sodium polysulfides is a
major issue for their applications. Herein, we introduce an effective sulfur host, gold
nanodots decorated on hierarchical N-doped carbon microspheres (CN/Au/S), to
achieve completely reversible conversion reactions in the S cathode through
electrocatalyzing low-kinetics conversion Na2S4 into NaS2 (discharge process) or S
(charge process). Besides, gold nanodots and N-doped carbon can increase the
conductivity of the S cathode and provide strong polar-polar adsorption of sodium
polysulfides to alleviate the shuttling effects. When serving as cathode, the CN/Au/S
can realize enhanced sulfur utilization, excellent cycling stability, and outstanding rate
capability. This work deepens our understanding of the catalytic effect of gold atoms
on sulfur molecules, opening a new avenue for cathode design and the development of
advanced RT-Na-S batteries.
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carbon for sodium-ion batteries. (b) SEM image, and (c, d) low and high magnification
TEM images of C-600. (e-i) HRTEM images with insets showing the selected area
electron diffraction (SAED) patterns of porous carbon materials calcined at different
temperatures.
Figure 4.2 (a) XRD patterns and (b-d) TEM images of the precursors derived at
different temperatures before HCl treatment. The by-product Na2CO3 would
decompose with the increasing temperature because its melting point is 851 oC. (e)
Photograph demonstrating large-scale production of porous carbon materials.
Figure 4.3 The (a) chemical formula, (b) XRD pattern, (c-e) low and highmagnification SEM images, and (d-h) TEM images of porous carbon derived from
calcination of sodium gluconate at 600 °C under Ar atmosphere and then washed with
dilute HCl.
Figure 4.4 The (a) chemical formula, (b) XRD pattern, (c-e) low and highmagnification SEM images, and (d-h) TEM images of porous carbon derived from
calcination of sodium citrate dihydrate at 600 °C under Ar atmosphere and then
washed with dilute HCl.
Figure 4.5 The (a) chemical formula, (b) XRD pattern, (c-d) low and highmagnification SEM images, and (e-f) TEM images of porous carbon derived from
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calcination of sodium alginate at 600 °C under Ar atmosphere and then washed with
dilute HCl.
Figure 4.6 The (a) chemical formula, (b) XRD pattern, (c-d) low and highmagnification SEM images and (e-f) TEM image of porous carbon derived from
calcination of sodium carboxymethylcellulose at 800 °C under Ar atmosphere and then
washed with dilute HCl.
Figure 4.7 TEM images of (a) C-800, (b) C-1000.
Figure 4.8 (a) XRD patterns, (b) Raman spectra of porous carbon materials carbonized
at different temperatures. (c) Nitrogen adsorption-desorption isotherms, (d) Barrett–
Joyner–Halenda (BJH) desorption pore size distribution, with the inset showing an
enlargement for low pores sizes, and (e) physical parameters of porous carbon
materials at different carbonization temperatures (IG and ID are the integrated
intensities of the D- and G-band. SBET: surface area calculated by the BrunauerEmmett-Teller (BET) method. Vt: the total pore volume determined at a relative
pressure of 1).
Figure 4.9 Curve-fitted Raman spectra of (a) C-800 and (b) C-1000.
Figure 4.10 (a) Cyclic voltammograms for the first 4 cycles collected at a sweep rate
of 0.1 mV s-1 in the voltage range of 0-2 V for the C-600 sample. (b) Initial
discharge/charge profiles of C-600 sample (inset: discharge/charge profiles of C-600
sample at various current densities). (c) Cycling performance of various carbon
samples at a current density of 0.5 A g-1. (d) rate capability from 0.05 A g-1 to 20 A g1

of porous carbon materials carbonized at different temperatures. (e) Long-term

cycling performance at 10 A g-1 of C-600 sample.
Figure 4.11 Cyclic voltammograms for the first 3-4 cycles at a sweep rate of 0.1 mV
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s-1 in the voltage range of 0-2 V for the (a) C-800 sample, (b) C-1000 sample.
Figure 4.12 Initial discharge/charge profiles of various carbon samples.
Figure 4.13 (a) XRD, (b) TEM, (c) HRTEM images, (d) Raman spectra, (e) BET
surface area, (f) pore size distribution, (g) cycling and (h) rate performance of C-500
sample. (i) EIS spectra of C-500 and C-600 samples.
Figure 4.14 (a) CV curves and (b) charge-discharge curves of C-500 sample.
Figure 4.15 For the C-600 electrode: (a) CV curves at different sweep rates, from 0.1
mV s-1 to 100 mV s-1 (inset: CV curves from 0.1 mV s-1 to 1.8 mV s-1), (b) b-value
obtained by the slope of log(i) versus log(v) in reduction and oxidation states, (c)
normalized capacity versus scan rate, v-1/2, (d) cathodic peak shift versus log(sweep
rate), (e) current contribution ratio of capacitive and diffusion process at different scan
rates, and (f) capacitive contribution (the shaded region) to total current at a scan rate
of 4 mV s-1.
Figure 4.16 (a) Charge-discharge profiles for the first cycle and (b) cycling
performance at a current density of 0.2 A g-1, and (c) rate performance for the
assembled full cell Na3V2(PO4)3-C//C-600. (d) Schematic illustration of the full cell
with C-600 anode and home-made Na3V2(PO4)3-C cathode.
Figure 4.17 (a) TEM image, (b) discharge-charge profiles for the first 2 cycles, and
(c) cycling performance at 0.1 A g-1 of home-made Na3V2(PO4)3-C.
Figure 5.1 Schematic illustration of the formation process for sulfur doped Na2Ti3O7.
Figure 5.2 (a) XRD pattern, (b) SEM image, and (c, d) TEM images of SiO 2
nanospheres.
Figure 5.3 (a) SEM image, and (b, c) TEM images of SiO2@TiO2 nanospheres.
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Figure 5.4 (a) SEM images and (b-f) TEM images of the sodium titanate product after
hydrothermal reaction for 12 h.
Figure 5.5 TEM images of products hydrothermally treated for (a) 0 min; (b) 30 min;
(c) 60 min; (d) 70 min; (e) 80 min; (f) 90 min; (g) 120 min; (h) 360 min; (i) 720 min.
Figure 5.6 (a) Nitrogen adsorption-desorption isotherm, (b) Barrett-Joyner-Halenda
(BJH) desorption pore size distribution.
Figure 5.7 (a, b) Scanning electron microscope (SEM) images of S-NTO, (c) TEM
image, (d-f) high-angle annular dark-field – scanning TEM (HAADF-STEM) images,
with the inset in (e) showing the structure, and (g) energy dispersive spectroscopy
(EDS) mapping images of O, Na, S, and Ti for the S-NTO sample.
Figure 5.8 (a) SEM image, (b, c) TEM images, and (d) HAADF-STEM image of the
C-NTO sample.
Figure 5.9 (a) High-resolution TEM image of the NTO sample.
Figure 5.10 XRD patterns of (a) NTO sample after hydrothermal reaction for 12 h, (b)
C-NTO sample, (c) S-NTO sample. (d) Comparison of these XRD patterns.
Figure 5.11 (a-e) EDS mapping images of O, Na, and Ti for the C-NTO sample.
Figure 5.12 (a-f) EDS mapping images of O, Na, S, and Ti for the S-NTO sample.
Figure 5.13 (a) UV-vis diffuse reflectance spectra of NTO, C-NTO, and S-NTO, with
corresponding photographs in the insets; (b) plots of (αhν)1/2 vs. hν, where v is the
frequency, h is Planck’s constant and α is the adsorption coefficient. High-resolution
XPS spectra of (c) S 2p for S-NTO, and (d) Na 1s, (e) Ti 2p, and (f) O 1s for the NTO,
C-NTO, and S-NTO samples.
Figure 5.14 XPS survey spectrum of C-NTO.
Figure 5.15 XPS survey spectrum of S-NTO.
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Figure 5.16 Electrochemical performance of the S-NTO electrode. (a) CV curves for
the first 4 cycles of S-NTO measured at a sweep rate of 0.1 mV s-1. (b) Galvanostatic
charge-discharge curves of S-NTO at the 1 C rate for different selected cycles. (c)
Cycling performances of S-NTO, C-NTO, and NTO at a current density of 2 C. (d)
Long cycling stability of S-NTO at the 50 C rate. (e) Rate performances of S-NTO, CNTO and NTO at different rates. (f) The rate capability of S-NTO compared to other
reported NTO based electrodes for SIB batteries.
Figure 5.17 (a) CV curves of NTO for the first 6 cycles, measured at a sweep rate of
0.1 mV s-1. (b) CV curves of C-NTO for the first 5 cycles, measured at a sweep rate of
0.1 mV s-1. (c) Galvanostatic charge-discharge curves of NTO at the 1 C rate for
different selected cycles. (d) Galvanostatic charge-discharge curves of C-NTO at the
1 C rate for different selected cycles.
Figure 5.18 EIS spectra of S-NTO, C-NTO, and NTO samples at the charge state of
0.8 V after five cycles.
Figure 5.19 Long cycling performance of S-NTO at the high current density of 20 C.
Figure 5.20 EIS spectra of S-NTO sample after the 1st and the 100th cycles.
Figure 5.21 SEM image of S-NTO after rate cycling.
Figure 5.22 Galvanostatic charge-discharge curves of S-NTO at various rates.
Figure 5.23 Galvanostatic charge-discharge curves of (a) C-NTO and (b) NTO at
various rates.
Figure 5.24 Kinetic analysis of the electrochemical behavior of the S-NTO electrode.
(a) CV curves of S-NTO at various sweep rates from 0.1 to 100 mV s-1. (b) Plots of
peak current versus the corresponding sweep rate. (c) A plot of normalized capacity
versus corresponding sweep rate-1/2, inset CV curve showing the capacitive
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contribution at 5 mV∙s-1 (shaded area). (d) The capacitive contribution ratio at various
sweep rates.
Figure 5.25 CV curves of S-NTO at various sweep rates from 0.1 to 2 mV s-1.
Figure 5.26 The black line is the CV curve of S-NTO and the shaded region is the
capacitive contribution at 1.2 mV s-1.
Figure 5.27 (a, b) TEM images of S-NTO after 100 cycles.
Figure 5.28 (a-c) TEM images, (d) elemental mapping, and (e) EDS spectrum of SNTO after 100 cycles. (f) High-resolution XPS spectra of S 2p for S-NTO after 100
cycles. (g) Schematic illustration of the sodiation/desodiation process.
Figure 5.29 (a, b) TEM images of S-NTO after 20 cycles.
Figure 6.1 (a) Schematic of working principle of a sulfur cathode for RT-Na-S
batteries, and RT-Na-S batteries are regarded as an important choice to modulating
renewable resources (solar, wind, etc.) for large-scale applications. (b) Synthesis
protocol for the CN/Au/S microspheres used in Na-S batteries
Figure 6.2 (a-c) SEM images and (d) XRD pattern of MnCO3 (JCPDF Card no. 441472).
Figure 6.3 (a-c) SEM images and (d) XRD pattern of Mn2O3 (JCPDF Card no. 411442).
Figure 6.4 (a-c) SEM images and (d) XRD pattern of MnO@N-C (JCPDF Card no.
07-0230).
Figure 6.5 (a, b) SEM images, (c) TEM image, and (d) XRD pattern of N-doped
carbon microspheres after treatment with HCl solution.
Figure 6.6 Morphology characterization of CN, CN/Au, and CN/Au/S samples. (a)
SEM image of one broken CN microsphere. (b) STEM image of a CN/Au sample with
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particle size distribution of gold nanodots (inset). (c) Dark-field STEM image, (d)
STEM image of CN/Au/S sample with particle size distribution of gold nanodots
(inset). (e) Dark-field TEM image and corresponding elemental mapping images of
CN/Au/S sample.
Figure 6.7 (a) SEM image, (b) dark-field TEM image, with the inset showing lower
resolution, (c) STEM image and (d) dark-field TEM image and corresponding
elemental mapping images of the CN/Au sample.
Figure 6.8 Structural characterization of the CN/Au/S sample. (a) XRD patterns of
CN/Au/S, CN/Au, CN, and S samples. (b) TGA curve of CN/Au/S and CN/S samples.
(c) N2 adsorption/desorption isotherms and pore size distribution (inset) for CN/Au
and CN/Au/S samples. High-resolution XPS spectra of (d) N 1s and (e) S 2p for
CN/Au/S sample, and (f) Au 4f for the CN/Au and CN/Au/S sample.
Figure 6.9 XRD pattern of the sulfur loaded CN (CN/S) sample.
Figure 6.10 (a) XPS survey spectrum (a), and high-resolution XPS spectra of (b) C 1s
and (c) N 1s for the CN sample.
Figure 6.11 XPS survey spectrum (a) and high-resolution XPS spectrum (b) of C 1s
for the CN/Au/S sample.
Figure 6.12 XPS survey spectrum (a), and high-resolution XPS spectra of (b) C 1s and
(c) N 1s for the CN/Au sample.
Figure 6.13 Mechanism of CN/Au/S activity in RT-Na-S batteries. (a) In-situ
synchrotron XRD patterns of charged and discharged CN/Au/S sample in RT-Na-S
batteries. (b) Contour plot of XRD patterns with selected theta for intermediate
products. (c) Charge/discharge profiles of CN/Au/S and CN/S samples. CV curves for
(d) CN/Au/S and (e) CN/S samples.
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Figure 6.14 (a) Ex-situ XRD patterns for charged and discharged CN/Au/S sample.
(b) Charge and discharge curves for CN/Au/S sample. (c) Ex-situ XRD patterns for
charged and discharged CN/S sample. (d) Charge and discharge curves for CN/S
sample. (a: 2.2 V; b: 1.8 V; c: 1.2 V; d: 0.8 V; e: 1.5 V; f: 1.8 V; g: 2.2 V; h: 2.8 V).
Figure 6.15 CV curves for (a) CN/Au/S and (b) CN/S samples.
Figure 6.16 Energy profiles for sodium polysulphides on CN and CN/Au samples. (a)
The adsorption energies and (b) the Gibbs free energies of NaPSs bound on the
nitrogen-doped carbon surface and Au decorated nitrogen-doped carbon.
Figure 6.17 Electrochemical performance of RT-Na-S batteries. (a) Cycling
performance at 0.1 A g-1 and (b) rate performance of CN/S and CN/Au/S samples. (c)
Rate performances of CN/S and CN/Au/S samples compared to references. (d) Longterm cycling stability of CN/Au/S sample at a current density of 10 A g-1. (e) Cycling
performances of CN/S and CN/Au/S samples compared to references. (f) CV curves
of CN/Au/S samples from 0.1 to 2.0 mV s-1. (g) Charge-discharge curves at various
current densities for the CN/Au/S sample. (h) The energy density (inset) and power
density of CN/S and CN/Au/S samples.
Figure 6.18 (a) Cycling performance at a current density of 100 mA g-1, and (b) rate
performance of N-doped carbon microspheres in the voltage range of 0.8 to 2.8 V.
Figure 6.19 Long-term cycling stability of CN/Au/S sample at a current density of 2
A g-1.
Figure 6.20 XPS spectra of Au 4f for the CN/Au/S sample after 100 cycles at a current
density of 0.1 A g-1.
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Figure 6.21 Nyquist plots of CN/S and CN/Au/S samples were collected from 100
kHz to 1Hz in the initial state and after 100 cycles. The inset is an enlargement of the
high-frequency region and its equivalent circuit.
Figure 6.22 CV curves of CN/S sample from 0.1 to 2.0 mV s-1.
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Chapter 1
1. Introduction
1.1. Research Background
Present status of lithium-ion batteries: The burning of fossil fuels has resulted in the
deepening of the energy crisis and environmental problems, hence to search for new
energy sources is the key factor in the sustainable development of human society.
However, the application of renewable energy such as solar, wind power and
hydropower, is critically limited by their stable supply due to natural conditions.
Therefore, large-scale energy storage systems display an important function and huge
application prospects. On the base of energy storage systems, lithium-ion batteries
(LIBs) have dominated the market for the myriad portable electronic devices over the
past few decades, due to their light weight, high energy density, no memory effect, and
environmentally friendly.1,2 With the continuous expansion of LIBs application,
advanced LIBs have emerged to satisfy the increasing demand for the safety, reliability
and lower cost.3-5 For example, using the cheaper and safer cathode LiFePO4, or
ternary composites Li(NixMnxCox)O2 with higher energy density, to replace the
LiCoO2 cathode; exploiting 1.5 V Li4Ti5O12 with long lifetime and zero-strain ability,
or lithium metal alloys such as silicon with higher specific capacity as anodes to
replace common carbon-based materials.4,5 Although the promoting enhancement both
at the anode and cathode sides in LIBs are beginning to be commercially produced.
However, the critical factor is that lithium is a scarce element in Earth’s crust with
only 20 ppm and moreover unevenly distribution.6 Hence, the price of lithiumcontaining salts such as Li2CO3 displays a significant rise during the first decade of
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this century with the growing portable electronics market.7 With the development of
large-scale energy storage systems, lithium supplies would be further constrained,
hence to explore new batteries system has practical significance.
The move to sodium-ion batteries: Sodium, the next alkali metal after lithium,
presents similar chemical properties to lithium, indicating that room-temperature
sodium-ion batteries (SIBs) are the most promising candidates to LIBs. Interestingly,
that early study of SIBs began in 1980 using TiS2 as an anode which is parallel to LIBs,
but lacking further research on SIBs due to the fast success of LIBs.8 SIBs have
regained much attention in the last serval years, due to its lower cost which could meet
the worldwide demand of electronic energy storage with large-scale batteries.6
Referred to the cathodes of LIBs, many analogs of SIBs have been investigated and
achieved great success, such as NaxCoO2,9 Na3V2(PO4)3.10 Compared to cathodes,
research into anodes for SIBs have been relatively hindered in the 1980s, as sodium
ions cannot reversibly intercalate into commercialized graphite resulting low
capacities.11 Thus the major challenge is to search for suitable anode materials to
promote practical application of SIBs with long lifetime and high specific capacities.

1.2. Objectives of the Research
This thesis project aims to develop suitable anode and cathode materials for SIBs with
high energy density, overall stability and high safety, which are important for
stationary batteries. In the first and second work, the thesis project aims to develop
intercalation-based materials with high specific capacity involving carbonaceous
materials and titanium-based materials which both are low cost. In the third work, the
advanced sulfur/carbon cathode was constructed to achieve high-performance room-
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temperature Na-S batteries. The advanced techniques, such as in-situ synchrotron Xray diffraction (XRD) to investigate the electrochemical process during cycling, exsitu transmission electron microscopy (TEM) to characterize materials after cycling,
density functional theory (DFT) studies to help understand the reaction mechanism,
have been applied in this thesis project. The new synthetic strategies, systematic
correlation of theoretical simulations with electronic behavior characterizations, and
some proof of concept will advance knowledge on sodium ions chemistry-based
battery systems.

1.3. Thesis Structure
To achieve high-performance battery systems based on Na-ion chemistry, low-cost
carbonaceous and titanium-based materials have been developed as anode materials
for SIBs and S/carbon composite as the cathode in RT-Na-S batteries. The outline of
this thesis project is presented as follows:
Chapter 1 introduces the research background of carbonaceous and titaniumbased materials for sodium-ion batteries, and the background of RT-Na-S batteries.
Chapter 2 presents a literature review on recent progress in carbonaceous and
titanium-based materials for SIBs, as well as RT-Na-S batteries.
Chapter 3 introduces detailed experimental procedures, physical and chemical
characterization techniques as well as the electrochemical test methods.
Chapter 4 develops a series of hierarchical porous carbon materials with huge
numbers of defects through a large-scale route to improve the performance of carbon
materials for use in SIBs.
Chapter 5 designs sulfur-doped double-shell Na2Ti3O7 microspheres constructed
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from 2D ultrathin nanosheets as a high-performance anode for SIBs.
Chapter 6 constructs CN/Au/S composites for high-performance RT-Na-S
batteries enabled by electrocatalytic sodium polysulfides full conversion for stationary
energy storage.
Chapter 7 summarized this thesis project and provided some outlooks for the
development of anode and cathode materials for sodium storage systems.
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[1] M. S. Whittingham, Chem. Rev. 2014, 114, 11414.
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1980, 15, 783.
[3] B. Scrosati, J. Garche, J. Power. Source, 2010, 195, 2419.
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Chapter 2
2. Literature Review
The deepening energy crisis has inspired us to search for and utilize renewable and
clean energy such as wind, solar and wave, but these natural resources are intermittent
and uncontrollable. In order to integrate these renewable energies into the electrical
grid, the development of cheap and efficient large-scale energy storage systems (ESSs)
is the key technology to realize the utilization of clean energy.1-4 Among various
energy storage technologies, lithium-ion batteries have been common power sources
in the portable electronics market and the primary candidate for ESSs. However, the
poor and uneven crustal reserves of metallic lithium resources cannot meet the
increasing market demand in the area of large-scale EESs and smart power grids.
Metallic sodium has similar physical and chemical properties to lithium, and possesses
the advantages of being cheap, environmentally friendly and rich in the earth's crust.14

Therefore, the sodium-ion battery is considered as one of the most promising large-

scale energy storage power sources, which has attracted the attention of many
researchers.5-10

2.1. Progress on Carbon-based Anodes for SIBs
To develop appropriate anode materials is one of key challenges faced by SIBs.
Among the different types of anode materials for SIBs, transition-metal-based oxides
or sulfides have high specific capacities on account of their conversion reactions to
store sodium ions, but the inherent disadvantage of large hysteresis makes them
difficult to be practically applied in SIBs. The alloy-based materials fall short of
application in SIBs due to the large volume changes after sodium insertion, which
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leads to a serious capacity fade during cycling. Not to mention organic materials,
which are easily dissolved in organic electrolytes, resulting in fast capacity decay.
Inspired by these considerations, carbonaceous-based materials are attractive for SIBs
owing to the great advantages of their natural abundance, good electrical conductivity,
and thermal stability.

2.1.1. Graphite Materials

Figure 2.1 (a) Schematic illustration of ions intercalation into graphite.11 (b)
Calculated formation energies of alkali metal (M)-graphite compounds.14 (c)
Simulation of the sodiation potential and interlayer spacing for NaC8 ordering.15
Graphite is the commercial anode material for LIBs, which could form the
graphite intercalation compound LiC6 along with lithium ions insertion and thus
exhibiting a capacity of 372 mAh g-1. Nevertheless, the graphite has very poor sodium
storage, resulting a limited electrochemical capacity of less than ~35 mAh g-1.11
Initially, one explanation for the low Na capacity is that Na+ radius is 35% larger than
that of Li+, which will result in a higher strain energy for graphite and thus a less
favorable formation energy for Na-graphite composite compared to Li+.12-14 But metal
ions with larger radius than Na+ such as K+, Rb+ possess higher capacities
(approximately hundreds) in graphite, which is inconsistent with the explanation for
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low Na capacity in graphite. Therefore, a series of computational works based on
density functional theory have been done to explore the reason.14,15 Liu eta al. used
quantum-mechanical methods to demonstrate that Na has negative formation energy
with graphite, thus Na-graphite compounds with high Na contents, such as NaC6 and
NaC8 are not thermodynamically stable (Figure 2.1b).14 Tsai et al. also found that the
sodiation potential of graphite is negative with low Na contents, which also indicates
that sodium-intercalation graphite compounds are not thermodynamically stable
compared to Na plating (Figure 2.1c).15 These theoretical works are consistent with
the experimental result which can only form NaC70 compound with a low specific
capacity of 31 mAh g-1.16,17

Figure 2.2 (a-c) Schematic illustration of sodium storage in graphite-based
materials.19 (d) Proposed schematic of Na storage in natural graphite using selected
electrolyte systems.22
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To store more sodium ions in graphite, many efforts have been focused on
enlarging interlayer spacing of graphite. Wang et al. prepared reduced graphene oxide
with the interlayer spacing of the (002) planes measured to be 0.371 and 0.365 nm at
different area, which is larger than that of graphite (0.34 nm), and thus can
accommodate more sodium ions, exhibiting reversible capacity as high as 174.3 mAh
g-1 at 0.2 C (40 mA g-1).18 The expanded graphite prepared through a process of
oxidation and partial reduction with an enlarged interlayer lattice distance of 4.3 Å as
well as retains an analogous long-range-ordered layered structure, which can deliver a
high reversible capacity of 284 mAh g-1 at a current density of 20 mA g-1, maintain a
capacity of 184 mAh g-1 at 100 mA g-1, and retain 73.92% of its capacity after 2000
cycles (Figure 2.2a-c).19 These studies demonstrate that a large amount of Na+ can be
electrochemically intercalated into expanded graphite owing to its suitable interlayer
distance which could facilitate Na ion diffusion and promote Na intercalation.
Besides, some recent studies have proved that electrolyte solvent species could
significantly affect electrochemical properties of graphite including rate capability as
well as redox potential.19-22 It is found that the natural graphite can intercalate a large
number of sodium ions in only linear ether-based electrolytes, such as diethylene
glycol dimethyl ether (DEGDME), tetramethylene glycol dimethyl ether (TEGDME),
dimethoxyethane (DME) et al., delivering a reversible capacity of around 150 mAh g1

and their voltage could be varied from 0.6 V to 0.78 V (vs Na) by adjusting the chain

length of the electrolyte solvents. Ex-situ SEM, XRD and CV studies reveal the sodium
ions storage mechanism is that Na+-solvent co-intercalation occurs in ether-based
electrolyte combined with partial pseudocapacitive behaviours. Kang et al. further
demonstrated that co-intercalation of Na+ and solvent molecules could reduce
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repulsively local interaction between Na+ and graphene layer by inhibiting their direct
contaction. To expand graphite interlayer and select the suitable solvent of electrolytes
are effective approaches to employ graphite as a very promising anode for SIBs.

2.1.2. Hard Carbon Materials

Figure 2.3 Schematic illustration of sodium ions storage in hard carbon.17
Amorphous carbon materials differ from graphite in that they lack long-range
ordered structure in-plane and periodic stacking of graphene layers. They include two
categories, soft carbon and hard carbon materials, and the former one can be
transformed into graphite after the graphitizing temperature over 2000 ℃ whereas hard
carbon still keeps its disordered structure.17,24 Although graphite has a low sodium
storage property, amorphous carbon materials especially hard carbon, can store more
sodium ions, because these randomly distributed turbostratic graphene sheet domains
form many micropores and defects. Thus hard carbon has multiple types of storage
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sites, such as sodium intercalation between graphene layers similar to graphite, sodium
storage in closed micropores as well as defect and surface adsorption (Figure 2.3).17

Figure 2.4 (a) TEM and HRTEM images of HCNSs. (b) Rate performance of HCNSs
and carbon spheres. (c) Schemes of the electrochemical reaction process of HCNSs
and carbon spheres.25 (d) TEM images of hollow carbon nanofibers. (e) The structure
changes of peat moss cell walls during carbonization and activation.27
Maier et al. synthesized hollow carbon nanospheres (HCNSs) using hydrothermal
carbonization of glucose with latex templates (Figure 2.4a).25 This HCNSs possessed
larger interlayer spacing (d002) around ~0.401 nm than graphite (i.e. 0.336 nm), and
maintained a reversible capacity of ∼160 mAh g-1 after 100 cycles as well as 50 mAh
g-1 even at a very high current density of 10 A g-1 (Figure 2.4b). Liu et al reported
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hollow polyaniline nanowires (PANI-HNWs) prepared through self-assembly,
demonstrating a high rate capability (deliver 206.3 mAh g-1 at a high current rate of 2
C) and cyclability (retain 206.3 mAh g-1 after 400 cycles at a 0.2 C rate).26 Mitlin et al.
prepared three-dimensional macroporous interconnected networks of carbon
nanosheets (as thin as 60 nm), using peat moss as the precursor which consists of crosslinking polymers making it difficult to graphitize even at a high carbonization
temperature (Figure 2.4d, e).27 This optimized hierarchical micro- and mesoporosity
structure has larger intergraphene spacing (0.388 nm), resulting capacity of 298 mAh
g-1 after 10 cycles at a current density of 50 mAh g-1 and it can still maintain 255 mAh
g-1 at the 210th cycle with nearly 100% cycling Coulombic efficiency. These series of
hollow or porous carbon materials presenting such extraordinary sodium storage
performance, may benefit from the following advantages: the porous structure ensures
a short sodium diffusion distance and efficient electron transport; the high surface area
can provide more sodium storage sites and electrolyte/electrode contact area for
charge-transfer reaction; the large interlayer spacing could facilitate insertion and
transportation of sodium ions transport and storage between graphene layers.
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2.1.3. Heteroatom-doped Carbon Materials

Figure 2.5 (a) TEM image and high-resolution TEM image, and (b) long cycling
stability at 4.5 C rate (1 C = 375 mA g-1) of N-doped carbon nanosheets.35 (c) SEM
and STEM images, (d) high-resolution XPS N1s spectrum, and (e) cycling
performance of 3D N-doped graphene foams at 1 C in the voltage range of 0.02–3.0 V
(1 C = 500 mA g-1).36
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The introduction of various heteroatoms (e.g., B, O, N, S, and P) into carbon
materials can modify their structure, electronic conductivity, and surface wettability.
Thus these changes could greatly affect sodium ions storage properties of carbon
materials.24,28 A series of heteroatom-doped carbonaceous materials have been
investigated and achieved great improvement in electrochemical performance. Ndoped carbon materials have been widely investigated, such as N-doped
interconnected carbon nanofibers,29 N-doped porous carbon nanosheets,30 N-doped
ordered mesoporous carbon,31 N-doped bamboo-like carbon nanotubes,32 N-doped
mesoporous carbon spheres,33 N-doped hollow carbon microspheres,34 and so on. Yan
et al. synthesized N-doped carbon sheets (NDCS) using okara as the precursor which
includes both carbon and nitrogen elements, achieving a high nitrogen content of 9.89
at% (Figure 2.5a, b).35 NDCS exhibited 489.8 mAh g-1 at 0.15 C for the first cycle,
even at 4.5 C rate after 2000 cycles, the capacity of NDCS electrode remained without
any decay and presented nearly 100% Coulombic efficiency. Their long cycling
stability and high rate capacity benefits from the high content of nitrogen atom, loosely
packed graphitic sheets and high effective surface area. 3D N-doped graphene foams
(N-GF) were prepared through annealing freeze-dried graphene oxide foams under the
ammonia atmosphere, yielding high nitrogen content 6.8 at% (Figure 2.5c-e).36 N-GF
delivered initial discharge/charge capacities of 2000.5/852.6 mAh g-1 with an initial
Coulombic efficiency of 42.6% at 1 C rate, and it can main 605.6/594.0 mAh g-1 with
the initial capacity retention of 30.3%/69.7% after 150 cycles.
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Figure 2.6 (a) Schematic model for Na+-ion storage in graphite, N-doped carbon, and
S-doped carbon. (b) High-resolution S2p XPS spectra of S-doped carbon.37 (c)
Preparation procedures of S-doped disordered carbon. (d) Coulombic efficiency and
cycling stability of S-doped disordered carbon.38 (e) Schematic illustration for
preparation of flexible P-doped carbon cloth. (f) Rate performance of flexible P-doped
carbon cloth.39
Besides the nitrogen atom, the sulfur atom, which has a larger covalent radius 102
pm than that of C (77 pm) and N (75 pm), can significantly enlarge the interlayer
spacing of carbon materials to benefit the insertion–extraction of Na+ ions.
Furthermore, sulfur is electrochemically active that can provide more sodium storage
sites (Figure 2.6a).24,37,38 S-doped carbon (SC) with a sulfur content of 15.17 wt% was
prepared by annealing poly(3,4-ethylenedioxythiophene) (PEDOT).37 Based on XPS
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analysis of SC, sulfur is mainly doped at the edges and defects in SC in the form of the
thiophene-S (Figure 2.6b). SC delivered a high capacity of 482.1 mAh g-1 in the first
cycle at a current density of 0.1 A g-1 with a Coulombic efficiency of 73.6%. Jiang et
al. synthesized S-doped disordered carbon (DC-S) through adding the sulfur source to
1,4,5,8-naphthalenetetracarboxylic dianhydride under high-temperature treatment,
achieving very high sulfur content (~26.9 wt%) (Figure 2.6c).38 DC-S demonstrated
high capacity of 360 mAh g-1 at a current density of 0.05 A g-1, and 158 mAh g-1 even
at a high current density of 4 A g-1. Its long cycling stability was very inspiring,
delivering a reversible capacity of 271 mAh g-1 after 1000 cycles at a high current
density of 1 A g-1, with a capacity retention of 85.9% (Figure 2.6d). P also has larger
ionic radius than that of N. A self-supporting and flexible P-doped carbon cloth (FPCC)
was synthesized by a vacuum-sealed doping strategy (Figure 2.6e) and can be directly
used as a binder-free anode for SIBs.39 FPCC delivered a high capacity of 271 mAh g1

at 0.05 A g-1, good cycling stability (~88% capacity retention after 600 cycles at 0.2

A g-1), and excellent rate capability (123.1 mA h g-1 at a high current density of 1 A
g-1).
Boron and oxygen have also been adopted to enhance sodium storage
performance of carbon materials effectively. Moreover, two different heteroatom-codoping (e.g., N/S, N/O, N/P) have been investigated to take full advantages of doped
atoms.40,41 For example, N, S-co-doping can improve the electronic conductivity via
N-doping, and simultaneously S-doping could enlarge the carbon interlayer spacing
serve as additional active sites. Nitrogen and sulfur dual-doping carbon microspheres
(NSC-SP) were prepared by pyrolyzing cellulose/polyaniline microspheres containing
dodecyl benzene sulfonic acid dopant.40 N/S co-doping could reduce the diffusion
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barrier of sodium ions and enhance adsorption stability and mobility of them based on
the first-principle calculations. NSC-SP presented long-cycle life over 3000 cycles and
high rate capability.

2.1.4. Mechanisms of Sodium Ions Storage in Hard Carbon
Different from graphite or soft carbon which presents a more curving curves mainly
from the adsorption of Na+ on their surface, the typical discharge (sodiation) curve of
hard carbon consists of a slope region and a plateau region.17 Unlike the Li+ storage
mechanism, there were some debates on sodiation pathways in hard carbon. Daha et
al. proposed the first one, they used in-situ XRD to investigate sodiated hard carbon,
finding that the slope region was attributed to the intercalation of Na+, while the
plateau region was related to the adsorption of the Na+ into pores constructed by
randomly stacked layers.11,17,42 On the contrary, Cao et al. studied the lithium and
sodium ions storage properties of hard carbon, declared that the slope region was
associated with the adsorption of the Na+ on the hard carbon surface and pore filling,
and the plateau region corresponds to the insertion of Na+.17,26 The third one, Hu et al.
employed ex-situ TEM technique to investigate sodiated hard carbon microtubes, and
found that the interlayer spacing did not change after sodiation, proposing the slope
region related to the adsorption of Na+ on surface, edges and defected sites of
graphitized nanodomains, while the plateau region corresponded to the filling of Na+
into nanovoids.43

2.2. Progress on Titanium-based Anodes for SIBs
To date, titanium-based materials have been the most extensively studied in SIBs due
to their lower cost, environmental benignity, abundance, low toxicity, and appropriate

Chapter 2: Literature Review

17

operation potential (0.3-1 V) which could avoid dangerous sodium plating and permit
high safety during cycling. Although the Ti-based intercalation anodes cannot store
many sodium ions, their low lattice strain, overall stability during cycling, and high
safety make them promise for large-scale systems, which is particularly important for
the stationary batteries.

2.2.1. TiO2 for SIBs

Figure 2.7 Schematic illustrations of crystal structures for (a) anatase, (b) rutile, (c)
TiO2(B), and (d) hollandite.44
Titanium dioxide (TiO2) is regarded as an excellent SIB anode candidate on
account of its abundance, low cost, environmental friendliness, and long cycling
stability.47,48 Several TiO2 polymorphs, including amorphous, anatase, rutile,
monoclinic TiO2(B)-type, and hollandite-type, have been investigated as anodes for
SIBs.47-51
The various crystal forms of TiO2 mainly depend on how TiO6 octahedra
connected. In Figure 2.7a, the anatase phase is composed of TiO6 octahedra sharing
two adjacent edges with other TiO6 octahedra, forming a three-dimensional framework
structure. This stacking of TiO6 octahedra leads to empty zigzag channels in the
framework, which provides interstitial sodium ion storage sites, and the suitable sized
pathways are also beneficial for electron/Na+ diffusion. Rutile TiO2 is also a tetragonal
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crystal phase, in which each TiO6 octahedron is connected to 10 octahedra (2 of them
sharing edges, and 8 corners), and two TiO2 molecules form a unit cell (Figure 2.7b).
Hence, the rutile phase features smaller octahedral distortion than anatase, but the
symmetry is not as good as for the anatase phase. Also, the anatase phase could be
irreversibly transformed into the rutile phase accompanied by exothermic reactions
during the heating process, indicating that rutile is more stable than the anatase phase.
TiO2(B) displays a monoclinic C2/m structure, consisting of two edge-sharing TiO6
octahedra, which are linked to the neighbouring doublet of octahedra by corners. This
structure possesses an open channel paralleled to the b-axis which sits between axial
oxygens (Figure 2.7c). Therefore, TiO2(B) with large interlayer spacing can be
considered as a good electroactive material for sodium-ion intercalation. Figure 2.7d
depicts the structure of hollandite-type TiO2. Along the c-axis, it comprises double
chains of TiO6 octahedra sharing edges. One of the most remarkable structural features
lies in the formation of (2 × 2) channels running along the [001] direction by corner
cross-linking of the above double chains.
2.2.1.1.

Amorphous TiO2
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Figure 2.8 (a) First-cycle discharge/charge curves of amorphous TiO2 with potential
plotted as a function of areal capacity (μA h cm-2). (b) Ti K-edge total electron yield
(TEY) XANES spectra of amorphous specimens discharged/charged at five potentials
during the first cycle.56 (c) Structural models of Na+ insertion into amorphous TiO2.
The top panel shows models representing the most (c1) and least (c2) favourable
insertion sites for the first Na ion. The models in the bottom panel represent the most
(c3) and least (c4) favourable sites for accommodating a second Na ion. Atoms are
represented as spheres; Ti, O, and Na atoms are coloured light-blue, red, and yellow,
respectively. The polyhedra represent the first oxygen coordination sphere of each Na
ion. 57 (d) Scanning electron microscope (SEM) top-view image of amorphous TiO2NT.
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(e) Charge/discharge curves of amorphous 80 nm I.D. TiO2NT at 0.05 A/g.49 (f)
Schematic illustration of the fabrication processes and (g) transmission electron
microscope (TEM) images of inverse opal am-TiO2 architecture. Schematic
illustrations of the structural features of (h) DOP and (i) planar am-TiO2. (j) The rate
capability of various am-TiO2 architectures.52 (k) Schematics of the fabrication process
for TiO2@CNTs/CFP. (l) Cycling performance at 2 A g-1 for 400 cycles of the
amorphous TiO2-100@CNTs/CFP.59 (m) Schematic simulation of the PEALD
synthesis process and (n) rate capacities of N-TiO2/CNT and TiO2/CNT.60 (o)
Schematic diagrams illustrating the benefits of black TiO2-x NF electrodes for Na-ion
batteries compared to a white TiO2 NF reference. (p) Normalized rate capabilities of
the white TiO2 and black TiO2-x NFs at different current densities.53
Amorphous titanium dioxide, composed of extensive free-volume regions in the
disordered phase that enable stress relaxation against the volume changes caused by
the intercalation/deintercalation of Na ions.52-54 Therefore, amorphous TiO2 has
attracted great attention from researchers on SIBs. The sodium storage mechanism of
amorphous titania nanotubes without any other additives was initially studied by Sun’s
group. They found that the interfacial regions between the titania and the electrolyte
host the majority of Na+ ions. In addition, the amorphous titania nanotubes showed
impressive pseudocapacitive behaviour, which is favourable for high rate
performance.55 Li et al. reported a systematic mechanistic investigation of the
electrochemical behaviour of TiO2 nanotubes (NTs) in amorphous phases during
sodiation/desodiation.56 The surface/near-surface of the sample at the first cycle was
comprehensively examined using X-ray adsorption near-edge structure (XANES)
(Figure 2.8a, 2.8b). After discharged to 0.5 V, am-2 showed a metallic Ti-like
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XANES pattern with intense peaks p1 and p3. When further discharged to 0.01 V, the
strong features p1 and p3 of am-3 showed a negative shift compared to am-2, evidently
suggesting that the introduction of Na+ into the surface/near-surface titania lattice not
only can induce the reduction of Ti4+ to Ti3+, but also reduces TiO2 further into metallic
Ti. Density functional theory (DFT) calculations of the Na+ insertion energies in the
TiO2 bulk phases,57 showed that the insertion of the second Na ion is less favourable
than that of the first one (Figure 2.8c). This indicates that the trapped Na ions induce
rigidity in the amorphous TiO2 lattice, reducing its ability to accommodate new Na
ions.
Rajh and co-workers synthesized amorphous TiO2 nanotubes with a large
diameter (> 80 nm inner diameter (I.D.)) directly grown on a Ti foil through
electrochemical anodization of the Ti foil (Figure 3d).49 Amorphous large diameter
nanotubes could self-improve in storing Na+. The specific capacity reached 150 mA h
g-1 after the first 15 cycles in the case of the first lap value of 75 mA h g-1 (Figure
2.8e). This may be related to an electrochemically driven transformation from
amorphous TiO2 into a face-centred-cubic crystalline phase in the initial cycles. The
amorphous TiO2 nanotube arrays on porous Ti foam were prepared by Bi et al. using
the same method as Rajh et al..58 The electrochemical performance was highly
improved compared to amorphous TiO2 nanotubes grown on Ti foil because of the
higher surface area of the Ti foam and the higher porosity of the nanotube arrays layer
grown on the Ti foam. Zhou et al. synthesized a uniform inverse opal amorphous TiO2
(IO am-TiO2) architecture using polystyrene spheres as the template (Figure 2.8f,
2.8g).52 This IO am-TiO2 sample delivered superior rate capabilities to those of
disordered porous (DOP) am-TiO2 and planar am-TiO2 materials (Figure 2.8j). IO
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am-TiO2 could obtain a specific high capacity of ~113 mA h g-1 at a high current
density of 5000 mA g-1, which is 1.3-fold and 2.4-fold higher than those of DOP and
planar am-TiO2. This superior electrochemical performance was mainly due to the
effective surface ion availability, which arose from good solvent wettability
accompanied with increased roughness of the electrode surface. The full battery
performance of IO am-TiO2 was also investigated employing P2-Na2/3Ni1/3Mn2/3O2 as
the cathode, and it showed a capacity of ~86.7 mA h g-1 after 500 cycles at 500 mA g1

.
Although amorphous TiO2 achieved improved sodium storage performance

through structural design, its rate capabilities are still poor because of its
semiconductor nature. Therefore, several strategies have been reported to address the
low electrical conductivity, including constructing carbon-based composites, S-doped
TiO2, or hydrogenation treatment.53,59,60 Wang et al. synthesized amorphous TiO2 films
with different thicknesses that were deposited by atomic layer deposition (ALD) onto
carbon nanotube (CNT)/carbon fiber paper (CFP) substrates (Figure 2.8k).59 The
capacity of the amorphous TiO2-100@CNTS/CFP anode still retained a high value of
178.9 mA h g-1 at a current density of 2 A g-1 after 400 cycles (Figure 2.8l). Sun et al.
reported a facile technology of in-situ deposition of ultrathin nitrogen-doped TiO2 on
CNTs (N-TiO2/CNTs) by the plasma-enhanced atomic layer deposition (PEALD)
method (Figure 2.8m).60 The N-TiO2/CNT electrode exhibited a discharge capacity
of 84 mA h g-1 at a current density of 200 mA g-1, which is 1.6 times higher than that
of TiO2/CNTs (52 mA h g-1) (Figure 2.8n). The improvement of N-TiO2/CNT
performance is attributed to the nitrogen doping, which could provide expanded
channels for Na ion transfer and diffusion. Lee et al. demonstrated a black TiO2-
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composite in the form of continuous and long nanofibers (NFs) as improved

anode for SIBs (Figure 2.8o).53 The obtained black TiO2-x NFs present outstanding
rate capability with a discharge capacity of 61 mA h g-1 (35% of the discharge capacity
at 16.6 mA g-1) at a high current density of 415 mA g-1 compared to white TiO2 NFs
(15 mA h g-1,11% of the discharge capacity at 16.6 mA g-1) (Figure 2.8p), which could
be ascribed to the high conductivity of black TiO2-x NFs owing to the reduced bandgap.
The study of amorphous TiO2 in SIBs was limited, however, due to the synthesis
difficulties and thermal instability.
2.2.1.2.

Anatase TiO2

Figure 2.9 Ex-situ XPS analysis of TiO2-based electrodes at different states of charge.
(a) Ti 2p spectra of cycled electrodes stopped at different states of charge after Ar+
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etching. (b) Ti 2p spectrum of a fully discharged electrode (cut-off potential: 0.1 V,
applied C rate: 0.01 C) and a pristine electrode. (c) Schematic diagram of the reaction
mechanism. Potential profile of the first (dis-)charge cycle of an anatase TiO2-based
electrode at 0.01 C (cut-off potentials: 0.1 and 2.0 V) including the proposed reaction
mechanism and the sodiation degree of the newly formed titanate phase at 0.3, 0.1, and
2.0 V.62 (d) Schematic illustration of the transition process during discharge.
Reproduced with permission.64
Anatase TiO2 has a crystal structure of three-dimensional (3D) networks built by
the stacking of one-dimensional (1D) zigzag chains assembling of distorted edgesharing TiO6 octahedra. This stacking results in empty zigzag channels in the anatase
framework, providing interstitial sites for Na accommodation and suitable sized
pathways for Na diffusion. Therefore, anatase TiO2 has become the most widely
studied titanium dioxide crystal form in SIBs. Wang et al. were the first to report
anatase TiO2 nanocrystals as anodes for SIBs.61 Then, the reaction mechanism of
anatase TiO2 as a sodium-ion anode was systematically studied by Passerini et al., who
employed an in-situ X-ray diffraction (XRD) technique.62 The intensity of the (200)
and (101) reflections continued to decrease and shifted to slightly lower 2θ values
when discharge from 0.3 V to 0.1 V, indicating an expansion of the anatase lattice as
well as an ongoing structural rearrangement. Ex-situ X-ray photoelectron spectroscopy
(XPS) analysis suggested that about 0.41 Na per TiO2 can be reversibly stored through
investigation of the Ti3+: Ti4+ ratio (Figure 2.9a). Signals of metallic Ti0 peaks suggest
that some Na ions are not inserted into the anatase structure, but anatase TiO2 is
electrochemically reduced to the metallic state (Figure 2.9b). The results reveal that
only the (de-)insertion of Na+ ions from/into the amorphous sodium titanate phase
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appears to be reversible, whereas all the other phases that appear, including metallic
titanium, sodium superoxide, and oxygen evolution, seem to be irreversible (Figure
2.9c). Louvain et al. further confirmed that the anatase TiO2 structure is nearly lost
below 0.25 V vs. Na+/Na, and there is the formation of amorphous sodium titanate
materials, based on operando Raman and X-ray diffraction results.63 Further studies
were carried out by Ling and co-workers demonstrated that the discharge rates and
cycle numbers could also influence the level of phase transition. By regulating the
discharge/charge mode, the capacity activation is accelerated, and excellent properties
are achieved which are ascribed to the quick phase transition in the initial cycles
(Figure 2.9d).64
Additionally, the morphology and particle size also has a certain influence on the
electrochemical performance of titanium dioxide.65-75 So, various anatase
TiO2 nanostructures have been synthesized to improve its electrochemical
performance. Li and co-workers fabricated TiO2 spheres with controllable sizes and
different porous architectures.65 TiO2 spheres with loose structure displayed excellent
Na-ion storage and transportation because of their shortened Na-ion diffusion length.
Mesoporous TiO2 microparticles with uniform nanopores were successfully
synthesized via the oriented attachment of primary nanocrystals.66 They delivered a
reversible capacity of 95 mA h g-1 after 11,000 cycles at 1 C (1 C = 335 mA g-1) with
high initial efficiency (61.4%). The rate performance of the mesoporous TiO2
microparticles was also excellent (77 mA h g-1 at 20 C).
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Figure 2.10 (a) SEM image and (b) cycling performance at 200 mA g-1 of the TiO2/C
nanofiber anode.76 (c) SEM image of TiO2 NSs-G matrix. (d) Cycling stability
corresponding to the gradually elevated rate of TiO2 NSs-G electrodes.82 The enlarged
graph in the inset of (e) shows an area of structural disorder, in which lattice spacing
of 0.26 nm due to the (011) facet of hexagonal TiS2 is clearly observed. (f) Cycling
performance of the S-TiO2 nanotube array over 4400 cycles at a rate of 10 C.101 (g)
Raman spectra for W-TO and B-TO. (h) Rate performances of B-TO and W-TO at
elevated rates.112
To further enhance the electrochemical performance, increasing the electronic
and ionic conductivity of TiO2 materials, carbonaceous coating/hybridizing,76-100
element doping101-111 and introducing defects112-115 have been considered effective
methods in recent years. Xiong and co-workers synthesized TiO2/C nanofibers with a
diameter of ~12 nm through an electrospinning process (Figure 2.10a).76 The TiO2/C
nanofibers could deliver a high capacity of 237.1 mA h g-1 over 1000 cycles at 200
mA g-1 (Figure 2.10b). Single-crystalline TiO2 nanosheets (NSs) anchored on a
graphene (G) 3D matrix through chemical bonding exhibited excellent performance
(Figure 2.10c),82 because of the large surface contact area between the TiO2 sheets
and the graphene, and the high electrical conductivity of graphene matrix. The specific
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capacity was 125 mA h g-1 at 3200 mA g-1, and the Coulombic efficiency was around
99% after the initial 18 cycles. After high rates charge-discharge cycles, the capacity
of the sample recovered to the initial value of 195 mA h g-1 when the current density
was reversed back to 200 mA g-1, indicating a stable structure under a large current
density (Figure 2.10d). Ni et al. reported sulfur-doped TiO2 nanotube arrays as an
anode for SIBs.101 The emergence of TiS2 crystallites confirm that S is preferentially
consumed on the surface rather than diffusing into the bulk of the nanotubes (Figure
2.10e). The S-TiO2 nanotube anode maintained a capacity of 136 mA h g-1 at 10 C
(3350 mA g-1) over 4400 cycles (Figure 2.10f). Chen et al. obtained black anatase
titania (B-TO) with oxygen vacancies (OVs) through NaBH4 reduction (Figure 5g).112
B-TO exhibited a charge specific capacity of 207.6 mA h g-1 at 0.2 C that was higher
than white TiO2 (W-TO, 189.6 mA h g-1). Even when the current density increased to
20 C, the B-TO was still able to deliver a capacity of 91.2 mA h g-1 (Figure 2.10h),
illustrating the admirable high-rate performance of B-TO. DFT calculations confirmed
that the sodiation energy barrier was lower for anatase with oxygen vacancies than that
of the pristine one, suggesting more favourable Na intercalation, which was in good
agreement with its superior electrochemical performances.
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Figure 2.11. (a) Electrochemical performance of anatase TiO2-based electrodes in
terms of specific charge capacity using 1 M NaClO4 electrolyte solutions.116 (b)
Variation of capacities with cycle number at different current rates for TiO2, and TiO2G in diglyme electrolyte and carbonate electrolyte. Ex-situ SEM micrographs of
discharged products of TiO2-G in (c) diglyme and (d) carbonate electrolytes.117
Also, the influence of the electrolyte on the electrochemical performance of TiO2
has also been concerned.116-118 Wu et al. highlighted the substantial influence of the
electrolyte composition (salt and solvent) on reversible sodium ion storage in anatase
TiO2.116 Anatase TiO2 anode presents improved electrochemical performance when
used with an electrolyte composed of 1M NaClO4 in ethylene carbonate: propylene
carbonate (EC:PC) electrolyte (Figure 2.11a). Adelhelm and co-workers investigated
the electrochemical performance of TiO2 and TiO2-G using a different electrolyte of
0.5 M NaClO4 in carbonate (EC/dimethyl carbonate (DMC) = 1:1 w/w) and 0.5 M
NaPF6 in diglyme.117 TiO2-G exhibits significantly improved specific capacity in
NaPF6-diglyme electrolyte compared to the NaClO4-carbonate electrolyte (Figure
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2.11b). The discharge products of TiO2-G in NaPF6-diglyme still have the original
spherical structure, while in NaClO4-carbonate electrolyte, there are microspheres with
a thick polymeric layer (Figure 2.11c, 2.11d). The thick polymeric layer is probably
due to the decomposition of carbonates. The sodium storage properties of anatase
TiO2 are affected by many factors. Therefore, in seeking improvement of the sodium
storage properties of anatase TiO2, all the factors and their synergies should be
considered.

Figure 2.12. (a) Field emission SEM (FESEM) images of α-Fe2O3@TiO2. (b) Cycling
performance and Coulombic efficiency of α-Fe2O3@TiO2 and α-Fe2O3 electrodes at
100 mA g-1. (c) Rate performance of α-Fe2O3@TiO2 and α-Fe2O3 electrodes at various
current densities from 100 to 2000 mA g-1.119 (d) SEM images of Sb@TiO2-x. (e)
Galvanostatic discharge-charge cycles at 2.64 A g-1 based on Sb@TiO2-x, Sb, and TiO2.
(f) Ragone plot of Sb@TiO2-x//Na3V2(PO4)3-C full batteries, where gravimetric
capacity, power, and energy density are estimated based on the total masses of
Sb@TiO2-x and Na3V2(PO4)3-C.120
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It is of great value to make rational use of TiO2 as a coating layer to alleviate the
volume expansion in composite materials because of its low volume change in the
cycling process.119-121 Fu et al. reported porous hollow α-Fe2O3@TiO2 core-shell
nanospheres as anode materials in SIBs (Figure 2.12a).119 The cycling performance
and Coulombic efficiencies were improved after the TiO2 coating (Figure 2.12b),
which buffers the large volume expansion during cycling. Fe2O3@TiO2 delivers a
discharge capacity of 210 mA h g-1 with a high current density of 2000 mA g-1 (40 mA
h g-1 for α-Fe2O3) (Figure 2.12c), suggesting an improved rate performance. TiO2-x
with enhanced charge-transfer kinetics from oxygen vacancies has also been used as
the interface material, to ensure structural/electrochemical stability without
deterioration of the transfer kinetics. Wang et al. reported double-walled Sb@TiO2-x
nanotubes that presented excellent electrochemical performance (Figure 2.12d).120
Sb@TiO2-x exhibited close capacities to Sb nanoparticles before 180 cycles, while the
capacity of Sb nanoparticles quickly decays after the 180th cycle, suggesting that Sb
nanoparticles cannot tolerate the huge volume changes during long cycling. In contrast,
Sb@TiO2-x still maintains a specific capacity of ~300 mA h g-1 at 2.64 A g-1 after 1000
cycles (Figure 2.12e). This result confirms the importance of TiO2-x to stabilize the
sodium storage performance of Sb. The Sb@TiO2-x electrode was further employed as
an anode with Na3V2(PO4)3-C as the cathode to assemble full batteries, and it delivered
an energy density of 151 W h kg-1 at 21 W kg-1 (Figure 2.12f).
2.2.1.3.

Rutile TiO2
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Figure 2.13. (a) Ex-situ XRD patterns of the TiO2 electrode during the first cycle. (b)
Rate capability of Ti1-xNbxO2 electrodes under various rates from 20 mA g-1 (0.06 C)
to 1.0 A g-1 (3.0 C).123 (c) TEM image of C-TiO2-RM. (d) Rate capability of C-TiO2MR, N-TiO2-MR, and rutile TiO2 nanoparticles.124 (e) TEM and high-resolution TEM
(HRTEM) images of G/P-RTiO2. (f) Cycling performance at 10 C for G/P-RTiO2
electrodes.128 (g) SEM image of 6.99%-Fe-TiO2. (h) Rate performances of pristine
TiO2 and 6.99%-Fe-TiO2. Calculated partial density of states (PDOS, marked by the
red line for O, dark for Ti, and green for Fe) and the total density of states (TDOS,
marked by the navy-blue line) of (i) rutile TiO2 and (j) iron-doped rutile TiO2.127
Rutile TiO2 is also a tetragonal crystal phase, where each TiO6 octahedron is
connected to 10 other octahedra (2 of them co-edge, and 8 co-corner), with two TiO2
molecules forming a unit cell (Figure 2.13b). Hence, the rutile phase possesses smaller
octahedral distortion than anatase, but the symmetry is not as good in the anatase phase.
Therefore, diffusion is highly anisotropic, and 3D ion diffusion is kinetically limited
in large-sized rutile TiO2. Rutile TiO2 also can deliver excellent sodium storage
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performance when it is in the form of smart nanostructures. Usui et al. were the first
to study the Na+ ion insertion/extraction mechanism of rutile TiO2.123 Ex-situ XRD
results revealed that the diffraction peaks of rutile TiO2 were basically retained during
the charge-discharge processes (Figure 2.13a), indicating the reversible insertion and
extraction into and from the crystal lattice of rutile TiO2. In the literature, Nb-doped
rutile TiO2 products (Ti0.94Nb0.06O2) were also studied and showed excellent rate
performance due to the higher electronic conductivity achieved via Nb-doping (Figure
8b). Hong et al. synthesized nanoporous rutile TiO2 mesocrystals with tunable
microstructures in different solutions (Figure 2.13c).124 The mesocrystals present
superior rate performance (151 mAh g-1 at 2 A g-1) (Figure 2.13d) because of the
unique nanoporous architecture which provides a larger contact area between the
electrolyte and active materials, and the single-crystal-like structure could facilitate
fast electron and ion transport. Gu and co-workers fabricated hierarchical rutile TiO2
nanotubes, presenting an excellent performance with a reversible capacity of 79 mA h
g-1 up to 1000 cycles at 3 C (1 C = 335 mA g-1).125
Several strategies have been utilized to improve the electronic conductivity of
rutile TiO2, and thus enhance the sodium storage properties.48,126-128 Zhang et al.
synthesized graphene-rich wrapped petal-like rutile TiO2 (G/P-RTiO2) with carbon
dots as “designer additives” (Figure 2.13e).48 G/P-RTiO2 exhibited outstanding
sodium-storage properties with a high charge capacity of 74.6 mA h g-1 and capacity
retention of 94.4%, even after 4000 cycles at 10 C (3350 mA g-1) (Figure 2.13f). Fedoped 3D cauliflower-like rutile TiO2 was synthesized by He et al. through a facile
hydrolysis method followed by a low-temperature annealing process (Figure
2.13g).127 6.99%-Fe-doped TiO2 delivered a discharge capacity of 160.5 mA h g-1 at
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840 mA g-1. The rate performance of the sample was also outstanding (Figure 2.13h).
Density functional theory (DFT) calculations presented that the band gap energy of
Fe-doped rutile TiO2 (0.099 eV) is much lower than that of pristine rutile TiO2 (2.068
eV). In addition, the energy barrier ΔEsodiation of pristine rutile TiO2 is calculated to be
1.52 eV, much higher than that of the Fe-doped material (Figure 2.13i, 2.13j). All the
results indicated that the improved sodium storage capability of the Fe-doped rutile
TiO2 is mainly due to the increased oxygen vacancies, narrowed band gap, and lowered
sodiation energy barrier, which enabled much higher electronic/ionic conductivities
and more favourable sodium ion intercalation into rutile TiO2. The micro-nano
structure of rutile TiO2 obtained by high-temperature calcination is easily destroyed,
however, influencing the transfer of sodium ions. It is important to find a way to
synthesize rutile TiO2 without ultra-high temperature treatment.
2.2.1.4.

Monoclinic TiO2(B)
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Figure 2.14. (a) SEM image of nanocrystalline TiO2(B). (b) Rate performance at
various C rates.129 (c) In-situ XRD patterns of the TiO2-B nanowires during the first
charge/discharge process at 20 mA g-1 and the corresponding typical charge/discharge
profile.130 (d) HRTEM image of the N-TiO2(B) sample. (e) Galvanostatic
charge/discharge curves of the N-TiO2(B) electrode at different rates. (f) Cycling
performance of N-TiO2(B) electrode at 0.1 C for 30 cycles and the freshly prepared
electrode at the moderate rate of 2 C.131 (g) Partial density states (PDOSs): TiO2(B)
and TiO2(B)-OVs (O3f). (h) Rate performance and (i) long-term cycling performance
at the rate of 10 C (3350 mA g-1) for B-TiO2(B) nanobelt electrode.132
In addition to the amorphous, anatase, and rutile phases, the electrochemical
behaviour of the TiO2 bronze phase has also been studied as anode for SIBs. The
monoclinic structure with open channels along the b-axis in TiO2-B provides storage
sites for sodium ions. Huang et al. first investigated the sodium storage performance
of TiO2-B.50 The discharge-charge curves of TiO2(B) nanotubes at low current density
are sloped without any potential plateau, demonstrating that the solid solution
mechanism is dominant in Na+ insertion/extraction processes with an open tunnel
structure. Wu et al. synthesized noodles-like TiO2(B) secondary particles derived from
the hydrolysis of TiCl3 (Figure 2.14a).129 In-situ XRD shows that the TiO2(B)
structure becomes fully amorphous within the first cycle, which might be attributed to
the initial sodium ion insertion causing sufficient strain on the crystallite structure. The
TiO2(B) electrode delivered 50 mA h g-1 at 10 C. On returning the rate to 0.1 C, a
specific capacity of 125 mA h g-1 was achieved (Figure 2.14b). Also, Lee and coworkers reported TiO2-B nanowires with a reversible single-phase reaction during Na+
insertion/desertion processes, except for the sudden appearance of a new peak at the
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end of charging (Figure 2.14c).130 The author concluded that the excess Na+ present
in the crystal structure leads to local phase transitions and the subsequent formation of
the unknown NaxTiyOz phase.
Recently, many strategies, such as designing carbon nanocomposites, generating
oxygen vacancies, and doping with foreign atoms (N), have been introduced to
improve the electrical conductivity of TiO2(B). Huang et al. fabricated nitrogen-doped
TiO2(B) nanorods via hydrothermal treatment, ion exchange, and a subsequent low
temperature calcination process (Figure 2.14d).131 The N-TiO2(B) nanorods electrode
exhibited good cycling stability (with the capacity retention ratio of 93.4% after 200
cycles at 2 C (1 C = 167.5 mA g-1)) and enhanced rate capability (110 mA h g-1 at 3.35
A g-1) (Figure 2.14e, 2.14f). Zhang et al. synthesized oxygen vacancies (OVs) evoked
blue TiO2(B) nanobelts, accompanied by a carbon coating layer.132 The Fermi level
was shifted to the conduction band (CB), as proved by DFT calculations (Figure
2.14g), and the band gap between the discrete valence band (VB) and the CB was
narrowed, corresponding to improved electron conductivity. The lower sodiated
energy barriers and the negative shifts of the CB and VB are more noticeable during
Na+ ions insertion into TiO2(B)-OVs, indicating a higher activity toward sodium ions
inserted/extracted of TiO2(B). In-situ XRD also indicated expanded interlayer spacing,
and the lower energy barrier of sodiation arising from the OVs, which is beneficial for
preserving the integrity of the crystal structure and accelerating storage kinetics. When
charged/discharged at the high rate of 15 C, black TiO2(B) with OVs exhibits charge
capacity of 89.8 mA h g-1, which is more than double that of white TiO2(B) electrode
(Figure 2.14h). Notably, after 5000 cycles at a high rate of 10 C (3350 mA g-1), black
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TiO2(B) still exhibited a capacity of 80.9 mA h g-1 with capacity retention of 94.4%
(Figure 2.14i).
2.2.1.5.

Hollandite-type

The electrochemical performance of hollandite structured TiO2 (TiO2(H)) as an
anode electrode material for SIBs was also reported.51 TiO2(H) exhibits the large initial
discharge capacity of 280 mA h g-1 with a reversible capacity of 85 mA h g-1 at C/8 (1
C = 335 mA g-1) in the potential range of 0.2-2.5 V. Ex-situ XRD and high-resolution
in-situ synchrotron diffraction techniques were used to test its electrochemical
behaviours. It was concluded that Na insertion into TiO2(H) is a single-phase solid
solution process with a structural transition from tetragonal I4/m to monoclinic I2/m
symmetry, where the skeleton framework is retained. In addition, the volume change
during Na insertion is only 1.1%, implying that this TiO2(H) material is worth more
investigation.
2.2.1.6.

Mixed Phase

Figure 2.15. A proposed model for sodium storage at the interface of TiO2(A)/TiO2(B).
(a) Relaxed interface structure doped by Na along the [100] direction of TiO2(A) and
the [001] direction of TiO2(B). (b) The charge-density difference at the interface before
and after Na doping. The blue region indicates that the electron density has been
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depleted, while the red region indicates that the density has been accumulated.122 (c)
HRTEM image of a-TiO2-x/r-TiO2-x nanofibers. (d) Cycling performance of a-TiO2/rTiO2 and a-TiO2-x/r-TiO2-x electrodes at 20 C.133 (e) HRTEM image, showing clear
lattices with spacings of 0.62 and 0.35 nm that are assigned to the (001) planes of TiO2B and the (101) planes of anatase, respectively. (f) Rate performance at various current
densities from 50 to 12,000 mA g-1. (g) Long-term cycling performance at a current
density of 500 mA g-1.135
In addition to the study of single-phase titanium dioxide, bi-phase TiO2 has been
employed as anode material in SIBs, because of the extra sodium storage and higher
reaction kinetics between the two-phase interface.133-139 DFT calculations
demonstrated that the anatase/bronze (TiO2(A)/TiO2(B)) interface could increase the
reversible capacity and promote the reaction kinetics. At this interface, Ti atoms in the
(001) plane of TiO2(A) prefer to act as electron acceptors, and O atoms at in the (100)
plane of TiO2(B) are likely to trap Na+, due to the high affinity between them (Figure
2.15a, 2.15b). These results clearly prove the charge separation at the interface of
TiO2(A)/TiO2(B), leading to extra sites for Na storage. The flower-like anatase/bronze
TiO2/C composites delivered a reversible capacity of 120 mA h g-1 over 6000 cycles
at 10 C (1 C = 335 mA g-1), consistent with the DFT calculation results. Wu et al.
reported an anatase/rutile TiO2 (a-TiO2/r-TiO2) composite with multichannel tubular
nanofibers as anode material for SIBs.133 The a-TiO2-x/r-TiO2-x nanofibers with rich
oxygen

vacancies

and

high

grain-boundary

density

displayed

excellent

electrochemical performance, including a reversible capacity of 93 mA h g-1 after 4500
cycles at 20 C (1 C = 335 mA g-1) (Figure 2.15c, 2.15d). The authors also proposed
that the grain boundaries between two different phases of TiO2 could facilitate the Na+
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diffusion. Anatase@TiO2(B) spheres have been synthesized via a facile one-pot
solvothermal method.134 The electrode showed a discharge capacity of 131 mA h g-1
at 170 mA g-1, even after cycling for 50 cycles. The material delivered a discharge
capacity of 104.5 mA h g-1 at 850 mA g-1. After deep cycling at high rates, a capacity
of 168.6 mA h g-1 was restored after reducing the current density to 85 mA g-1,
indicating good sodium storage capability of the anatase@TiO2(B) spheres. Huang and
co-workers synthesized anatase-TiO2/TiO2(B) nanosheets attached to reduced
graphene oxide (rGO) by employing a microwave-assisted process (Figure 2.15e).135
This composite still exhibited a high capacity of ~120 mA h g-1 after 4000 cycles at
0.5 A g-1 (Figure 2.15f). Even at 12 A g-1, the specific capacity was still around 90
mA h g-1 (Figure 2.15g).

2.2.2. NaTiO2 for SIBs

Figure 2.16 (a) DFT optimized structure for stoichiometric NaTiO2.141 (b) The
charge/discharge capacity versus cycle number at a current rate of C/10. (c) Calculated
diffusion barrier for Na in the O3 and O'3 phases using the di-vacancy mechanism.142
(d) Voltage profile for Na-ion insertion into TiO2(H) resulting from the DFT energy
calculations. (H) indicates the hollandite structure (either tetragonal or monoclinic),
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and (L) indicates the layered structure.143 (e) Long-term cycling performance at 2 C.
(f) In-situ XRD patterns collected during the first discharge/charge of a
Na/Na0.66[Li0.22Ti0.78]O2 cell at C/7 between 0.4 and 2.5 V. (g) XRD patterns of the
Na0.66[Li0.22Ti0.78]O2 electrode discharged to 0.4 V.45
Mono-layered O3-NaTiO2 also has been proposed as anode material for SIBs due
to its ability to intercalate sodium ions without large volume change. Maazaz et al.
noted that the electrochemical behaviour of rhombohedral R3̅m layered structure O3NaTiO2 is not stable in air because of the unstable Ti3+ environment (Figure 2.16a).140,
141

1

NaTiO2 delivers a charge capacity of 152 mA h g-1 at the C/10 (1 C = 293.3 mA g-

) rate, and also shows excellent cyclability with 98% capacity retention after 60 cycles

(Figure 2.16b), which might partially originate from its negligible volume expansion
(~0.4%).142 DFT calculations show a low Na diffusion barrier that is less than 224
meV in both O3 and O'3 phases, consistent with the excellent rate capability of NaTiO2
electrode (Figure 2.16c). Also, the in-situ XRD patterns reveal the reversible O3 to
the O'3 phase transition upon sodium insertion/extraction. Vasileiadis et al. reported
that further sodiation of the hollandite TiO2 structure led to the layered O3 type NaTiO2
phase (Figure 2.16d),143 and proposed that using TiO2 (H) as a starting material might
make it possible to prepare NaTiO2 at lower annealing temperatures. NaxTiyTM1-yO2
(TM = Li, Co, Ni or Cr) compounds achieved through Ti-site doping showed low and
even zero lattice strain,144-146 which effectively ensures the structural stability of the
electrode during cycling, leading to outstanding long-term cycle performance. Yu et
al. reported Na2/3Co1/3Ti2/3O2 anode for sodium-ion batteries,144 which displayed
outstanding cycle stability with 3000 cycles at 500 mA g-1 and a very small volume
contraction of 0.046% after 500 cycles at 200 mA g-1. Wang et al. investigated the
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sodium storage performance of P2-stacked layered Na0.66[Li0.22Ti0.78]O2.45 This
material exhibited outstanding cycling stability with capacity retention of 75% over
1200 cycles at 2 C (1 C = 106 mA g-1) (Figure 2.16e). In-situ and ex-situ XRD results
suggested that Na0.6[Li0.22Ti0.78]O2 shows approximately single-phase behaviour
during insertion/extraction processes. The unit-cell volume change before and after
sodium insertion is only 0.77%, which indicates nearly ‘zero-strain’ characteristics,
corresponding to the extremely stable cycling performance (Figure 2.16f, 2.16g).

2.2.3. NaTi2(PO4)3 for SIBs

Figure 2.17 (a) Crystal structure of the NaTi2(PO4)3 phase at different orientations.46
(b) TEM and (c) SEM images of NTP/C-F. (d) Rate performances of NTP/C-F and
NTP/C-P. (e) Ultra-long cycling stability of the NTP/C-F at 20 C.151 (f) SEM image
of NTP⊂GN. (g) Rate performance and capacity retention ability of the NTP⊂GN and
NTP particle electrodes.152
Recently, phosphates with a sodium insertion reaction mechanism have attracted
much attention as anodes for SIBs, in particular, superionic sodium conductor,
(NASICON)-type NaTi2(PO4)3 (NTP). NTP has an open structure with TiO6 octahedra
connected by corner-sharing PO4 tetrahedra (Figure 2.17a),46 resulting in interstitial
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and conduction channels along the c-axis. Additionally, the NTP electrode presents a
redox plateau (2.1 V vs. Na+/Na) with two Na+ intercalation/deintercalation, delivering
a high theoretical specific capacity of 133 mA h g-1.147,148 Delmas et al. first reported
that NTP could be considered as intercalation-type electrode material for SIBs, but low
electronic conductivity inhibited its potential in battery applications.149 Many efforts
have been devoted to improving the electrochemical performance of NTP. For
example, tailoring the particle size or morphology of NTP to shorten ionic and/or
electronic transport paths,46,150,151 or combining it with carbonaceous materials to
enhance the electronic conductivity of NTP.151-158 Pang et al. synthesized mesoporous
NTP/CMK-3 (NTP/C) composites through a solvothermal method with the following
calcination process.46 The NTP/C composites constructed with an optimal NTP
particle size of 5 nm delivered a discharge capacity of 62.9 mA h g-1, even after 1000
cycles at 0.5 C (1 C = 132.8 mA g-1). Carbon-coated hierarchical NTP mesoporous
microflowers (NTP/C-F) exhibited superior sodium storage performance due to
shortened Na+ and electron diffusion pathways and rapid electron transfer (Figure
2.17b, 2.17c).151 NTP/C-F presented a high specific capacity of 95 mA h g-1 at 100 C
(1 C = 133 mA g-1), corresponding to 77% of the capacity obtained at 1 C (Figure
2.17d). At the higher rate of 20 C, the NTP/C-F still realized a specific capacity of 110
mA h g-1 after 10,000 cycles (Figure 2.17e). Wu et al. synthesized porous NTP
particles embedded in a 3D graphene network (NTP⊂GN, Figure 2.17f).152 The good
conductivity of graphene is beneficial for NTP⊂GN electrode and results in improved
rate capability (67 mA h g-1 at 50 C = 6.6 A g-1) (Figure 2.17g).

2.2.4. Titanates for SIBs
2.2.4.1.

Na2Ti3O7.
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Figure 2.18 (a) Crystal structure of Na2Ti3O7. (b) In-situ X-ray diffraction study of a
Na2Ti3O7 /Na cell cycled between 2.5 and 0.01 V at the C/50 rate, where the value of
n corresponds to the mols of Na reacted per mol of Na2Ti3O7.159 (c) The possible Na+
ion diffusion trajectories in Na2Ti3O7 (paths i–vii), and the calculated diffusion
coefficients of the Na+ ions in Na2Ti3O7 along different paths.160 (d) Rietveld
refinement of the synchrotron X-ray diffraction (SXRD) patterns collected at the end
of oxidation after 50 cycles.161 (e) Illustration of the route for the synthesis of
Na2Ti3O7@C hollow spheres, (f) TEM and HRTEM images and (g) rate performance
of Na2Ti3O7@C hollow spheres.162 (h) Schematic illustration of the H-Na2Ti3O7
fabrication process. (i) SEM images (top view) and (j) TEM images of H-Na2Ti3O7.
(k) Cycling performance of H-Na2Ti3O7 and A-Na2Ti3O7.164 (l) Schematic illustration
of the exfoliation/restacking procedure for Na2Ti3O7. (m) TEM images of exfoliated
titanate nanosheet suspension. (n) Representative SEM image of an exfoliated/
restacked specimen. (o) Cycling performance of Na2Ti3O7.167
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Sodium titanates, especially Na2Ti3O7, have been extensively studied as anodes
for rechargeable SIBs in the past few years, due to its lower Na+ insertion voltage,
which would permit high energy density, and the open layered framework, which
could accommodate 3.5 Na ions with capacity of 310 mA h g-1.159-175 The crystal
structure of Na2Ti3O7 is shown in Figure 2.18a. It features a zigzag layered structure
consisting of TiO6 octahedra connected by edges with sodium ions in the interlayer
space and belongs to the monoclinic system with the P21/m space group. Tarascon et
al. first reported the sodium storage performance of Na2Ti3O7 and investigated the
redox process by in-situ XRD. Their results demonstrated that the discharge product
is Na4Ti3O7 phase and could fully recover to Na2Ti3O7 after the charging process
(Figure 2.18b).159 Chen et al. investigated the Na+ ion diffusion trajectories in
Na2Ti3O7 based on a vacancy-hopping mechanism, using first-principles calculations
(Figure 2.18c). From the calculated energy barriers results, the activation energy for
Na+ ion diffusion between the TiO6 octahedral channels is much larger than that for
along the layers, indicating that most of the Na+ ions favourably diffuse along the
layers.135,160 To further understand sodiation process of Na2Ti3O7, in-situ synchrotron
X-ray diffraction (SXRD) was used. The results also confirmed that the initial
Na2Ti3O7 could be recovered after 50 cycles (Figure 2.18d). Additionally, the firstprinciples calculations demonstrated that sodiated phase Na4Ti3O7 is mechanically and
dynamically stable, which is highly desirable for long cycling performance of SIBs.161
The practical application of Na2Ti3O7 in SIBs, however, is challenging due to its
insulating nature derived from its large band gap (3.7 eV), which would result in
sluggish Na reaction kinetics and capacity fading upon cycling. Therefore, several
strategies have been adopted to address these issues, including constructing carbon-
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based composites, applying an S-doped TiO2 coating, or using a hydrogenation
treatment.162-164 Qiao et al. synthesized uniform Na2Ti3O7 hollow spheres assembled
from N-doped carbon-coated ultrathin nanosheets (Figure 2.18e, 2.18f).162 These
Na2Ti3O7@C hollow spheres delivered good rate performance, which is much higher
than that of materials assembled from nanoparticles or bare nanosheets (Figure 2.18g).
Their superior electrochemical performance comes from the unique nanostructure,
where the assembled ultrathin nanosheets could shorten the ion/electron transport
lengths, and the N-doped carbon coating could improve the electronic conductivity.
The Na2Ti3O7@C could exhibit a capacity of 68 mA h g-1 at the high current density
of 8.8 A g-1 after 1000 cycles. Li et al. fabricated Na2Ti3O7 nanotubes directly grown
on Ti substrate under alkaline conditions, further coated them with a TiO2 layer using
atomic layer deposition (ALD), and subsequently treated them in sulfur vapour to
obtain S-doped TiO2 coated Na2Ti3O7 nanotubes.163 The electrode delivered high
reversible capacity of 221 mA h g-1 and was further employed as anode with
Na2/3(Ni1/3Mn2/3)O2 cathode in full batteries, which delivered a high specific energy of
110 Wh kg-1.163 Besides the coating strategy to address the insulating nature of
Na2Ti3O7, hydrogenation is another promising way to enhance electrical conductivity
due to the generation of oxygen vacancies similar to those in the black TiO2. Li et al.
demonstrated hydrogenated Na2Ti3O7 (H-Na2Ti3O7) nanoarrays supported on Ti
substrate as a binder-free anode for SIBs (Figure 2.18h-j).164 After the hydrogenation,
the obtained H-Na2Ti3O7 presented longer cycling stability and higher reversible
capacity than the sample annealed in the air (A-Na2Ti3O7), which could be ascribed to
the reduced charge transfer resistance and boosted sodium ions reaction kinetics
(Figure 2.18k).164
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Also, bulk Na2Ti3O7 material suffers from volume expansion of 6%, based on the
density functional theory (DFT) calculations.165 The unique layered structure of
Na2Ti3O7, however, offers another potential way to improve the charge storage
kinetics and cyclability by changing the dimensionality of Na2Ti3O7 from 3D to twodimensional (2D). Dunn et al. employed the liquid-phase exfoliation method based on
the intercalation of large cations between slabs of [Ti3O7]2− sheets, and then varied the
centrifugation speed to obtain Na2Ti3O7 nanosheets and nanoplatelets. Benefiting from
the 2D nanoscale morphology, the Na2Ti3O7 nanosheets and nanoplatelets displayed
improved electrochemical performance with capacity of 110 mA h g-1 at a rate of 1000
mA cm-2.166 Additionally, Grey et al. proposed a process to induce swelling in layered
Na2Ti3O7 by inserting alkyl ammonium ions into the nanosheets, then subjecting them
to exfoliation by agitation and subsequent restacking, using NaOH to insert Na ions in
a disordered fashion (Figure 2.18l-n). In this case, the capacity increases with
reducing Na(x) content. Na(1)-[Ti3O7] displayed stable cycling stability with capacity
of 200 mA h g-1 after 20 cycles, demonstrating increased capacity compared to pristine
Na2Ti3O7 (Figure 2.18o). The significantly improved capacity retention could be due
to the additional sites for Na+ ion storage generated by restacking the layers, and the
formation of a more open titanate framework.167
2.2.4.2.

Na2Ti6O13.
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Figure 2.19 (a) Schematic representation of the crystal structure of Na2Ti6O13 along
the [0 1 0] direction (octahedra: TiO6; yellow balls: sodium; red, oxygen; blue,
titanium).176 (b) Evolution of in-situ XRD patterns as a function of Na composition.
The yellow line represents the voltage profile down to 0.3 V as a function of the
intercalated Na composition. The sodium composition x in Na2+xTi6O13 is estimated
by from capacity measured by galvanostatic charge-discharge. (c) Evolution of in-situ
XRD patterns of the Na2+xTi6O13 electrode during the second discharge between 2.5
and 0.3 V. (d) Ex-situ XRD patterns at 2.5, 0.3, and 0 V for the Na2+xTi6O13 cycled
between 2.5 and 0 V.179 (e) SEM image, (f) CV curves, and (g) rate comparison of the
Na2Ti6O13 sample (red curve) and NaTi3O6(OH)·2H2O (black curve).180 (h) SEM and
(i-l) HRTEM images of the cycled Na2Ti6O13 nanorods at different states: (i) the third
fully discharged state, (j) the charged state, (k) the 30th, and (l) the 60th cycle in the
fully charged state.183
Compared to layered structured Na2Ti3O7, Na2Ti6O13 with lower sodium content
presents the tunnel monoclinic structure with the space group C2/m, in which every
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three edge-sharing TiO6 octahedra build two different sizes of the tunnel, as shown in
Figure 2.19a.176 The blue frame marks an 8.4 Å ×2.7 Å quasi-rectangle, and the green
one is about 3.0 Å × 3.0 Å, which is similar to those in anatase TiO2. These tunnels
and the 3D framework could serve as excellent host structures for Na+ ions.176,177 Pure
Na2Ti6O13 nanorods have been synthesized by a soft-template method and operated at
0.5-2.5 V, storing close to 1 mol sodium ions with a plateau around 0.8 V and a very
small volume change of 1.0 ±0.3% (1 mole of charge storage represents 49.5 mA h g1

specific capacity).178 In-situ and ex-situ XRD measurements and DFT calculations

were used to explore the Na-ion storage in Na2Ti6O13 at the lower voltage.179 Upon
cycling between 2.5 and 0.3 V, the Bragg peaks and in-situ XRD patterns indicate the
excellent reversibility of the structural changes (Figure 2.19b, 2.19c). By lowering the
cut off voltage to nearly 0 V, DFT calculations suggest that only two sodium ions could
intercalate into the tunnel of Na2Ti6O13. This is true, even though four sodium ions
could theoretically intercalate into Na2Ti6O13, reaching a promising capacity of 196
mA h g-1 (Na2+4Ti6O13), but the material would face serious degradation after 10 cycles
due to the additional Na ions reacting at the surface and causing significant loss of
crystallinity and crystallite size (Figure 2.19d).179
Zhai et al. synthesized Na2Ti6O13 nanorods by an annealing treatment on
NaTi3O6(OH)·2H2O nanowires (Figure 2.19e). The dehydrated Na2Ti6O13 sample
exhibits typical redox peaks at 0.7/0.9 V (Figure 2.19f). The better rate capability and
enhanced cycling stability compared to NaTi3O6(OH)·2H2O are attributed to removal
of the water molecules, which would occupy the position between the TiO6 layers and
act a barrier for the sodium ion diffusion (Figure 2.19g).180 A green balls of dianthuslike Na2Ti6O13 were achieved with a high capacity 105 mA h g-1 at 1 A g-1 after 300
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cycles. Na2Ti6O13 cuboids also maintained a capacity of 173.6 mA h g-1 after 200
cycles with carboxymethyl cellulose (CMC) binder, which was produced by a
hydrothermal process and the following calcination.181,182 Yuan et al. adopted
Na2Ti6O13 nanorods with the dominant exposed (-201) facets, which would provide
exposed channels and enlarged interlayer spacing during cycling, permitting facile Na+
insertion and more storage sites (Figure 2.19h-2.19l).183 Therefore, it maintained a
capacity of 109 mA h g-1 after 2800 cycles at 1 A g-1. Its superior electrochemical
performance paves the way for improving the capacity of Na2Ti6O13.
2.2.4.3.

Li4Ti5O12 and Na4Ti5O12

Figure 2.20 (a) Cycling performances of PVdF, NaAlg and Na-CMC electrodes (inset
contains the 1st, 10th, and 50th discharge/charge profiles of Na-CMC electrode). (b)
ABF image of half electrochemically sodiated Li 4Ti5O12 nanoparticle. In ABF line
profiles, the contrast is inverted for convenient visualization. Scale bar, 2 nm. (c)
HAADF and (d) ABF images of fully discharged Li4Ti5O12.190 Crystal structures of (e)

Chapter 2: Literature Review

49

M-Na4Ti5O12, (f) T-Na4Ti5O12, (g) Li4Ti5O12; TiO6 octahedra are blue, O atoms are
small red spheres, Na atoms are large black spheres with fractional occupancy
indicated, and Li atoms are large green spheres. (h) Voltage versus capacity for MNa4Ti5O12. (i) Evolution of in-situ SXRD data at the (001), (020), and the (10 00)
reflections of M-Na4Ti5O12.194
Li4Ti5O12 is well-known as a high-safety and ‘zero-strain’ anode for LIBs, and
has also been investigated for SIBs.184-193 Chen et al. tested Li4Ti5O12 as an anode for
SIBs with the intercalation voltage at around 0.91 V, displaying an outstanding specific
capacity of 155 mA h g-1 with Na+ ions reversibly intercalated into the octahedral sites
of spinel Li4Ti5O12 host (Figure 2.20a).190 They first demonstrated a novel three-phase
separation mechanism for sodium intercalation into Li4Ti5O12, employing in-situ
synchrotron XRD, scanning TEM (STEM) techniques and DFT calculations. The
annular-bright-field (ABF) and high-angle annular dark-field (HAADF) images of
Li4Ti5O12 during cycling (Figure 2.20b-d) clearly demonstrated three-phase
coexistence in a half electrochemically sodiated sample and two final phases Li7 and
Na6Li coexisting in the fully discharged sample. Even though the final phase Na6Li
with larger lattice parameters generates a volume expansion of 12.5%, the cycling
stability and high safety are still attractive in SIBs.190
The wide band gap energy of 2 eV for Li4Ti5O12 leads to its intrinsically low
electronic and ionic conductivity, which is a significant challenge to obtain high rate
performance. Carbonaceous materials were used to overcome this drawback. For
example, carbon coated Li4Ti5O12 and boron-doped carbon coated Li4Ti5O12
nanoparticles have been synthesized to obtain improved cycling performance and rate
capability.191,192 In addition, Chen et al. designed a novel composite aerogel with
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porous Li4Ti5O12 nanofibers wrapped in an interconnected graphene framework. This
composite displayed a capacity of 175 mA h g-1 at a current density of 35 mA g-1,
which is higher than the theoretical capacity due to the extra interfacial Na storage. It
also exhibited an ultra-long lifetime with a reversible capacity of 120 mA h g-1 after
12000 cycles.193
Inspired by the promising results on Li4Ti5O12, sodium-based analogs with the
same stoichiometry (Na4Ti5O12) were also investigated.194,195 Na4Ti5O12 presents two
types of structures: trigonal phase (T-Na4Ti5O12) with a three-dimensional framework
that is stable below 700 oC and monoclinic phase (M-Na4Ti5O12) with a quasi-2D
layered structure that is obtained above 700 oC. Both are different from the spinel
structure of Li4Ti5O12 (Figure 2.20e-g).194-196 T-Na4Ti5O12 can only afford a low
reversible capacity of 50 mA h g-1. M-Na4Ti5O12 could provide a higher initial capacity
(~137 mA h g-1), but it is accompanied by serious capacity fading to 64 mA h g-1. The
large irreversible capacity after the first cycle may be due to the anisotropic volume
changes observed from in-situ SXRD (Figure 2.20i). Even though M-Na4Ti5O12
displays an appropriate Na+ ion insertion potential (Figure 2.20h) and is highly
reversible after the initial cycle, the obtained capacity at this stage seems inadequate
for use in practical SIBs.194-197
2.2.4.4.

Other Titanates for SIBs

Apart from the sodium titanates, other metal titanates also have been tested as
anodes for SIBs.198-200 For example, ultra-small MgTi2O5 encapsulated in carbon rods
were fabricated from an in-situ carbonization process of a single molecule precursor.
The sample displayed high capacity of 200 mA h g-1 at a current density of 20 mA g1

, superior rate capacity with a capacity of 86 mA h g-1 at 1 A g-1, and excellent long-
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term cycling stability.198 Another titanate, K2Ti6O13, has an analogous structure to
Na2Ti6O13, but possesses larger a and b parameters. Thus, K2Ti6O13 can store more
sodium ions due to its more open structural framework. Ultrafine K2Ti6O13 nanowires
were synthesized via the hydrothermal method, and the tunnel structure could provide
short diffusion path lengths for Na+.199 Hence, they delivered a high discharge capacity
of 186 mA h g-1 at 20 mA g-1 and could maintain 99 mA h g-1 at 400 mA g-1 after 200
cycles, which makes them a new promising anode for SIBs. The synthesis strategies
of these titanates for SIBs could be built on previous methods for LIBs.201-203

2.3. Progress on Room-temperature Sodium Sulfur
Batteries
2.3.1. High-Temperature Na/S Batteries

Figure 2.21 (a) Schematic of a typical high-temperature Na/S battery and its magnified
cross-section.206 (b) Principle operation of Na/S cell during the discharge process. (c)
Voltage profile of Na/S cell with different phases existing at each stage-of-charge.207
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High-temperature Na/S (HT-Na/S) battery started to develop since 1960s, by
discovering a high-temperature solid-state sodium ion conductor sodium beta-alumina
(β-NaAl11O17) which has a comparable ionic conductivity to aqueous electrolyte
H2SO4 at 300 ℃.204,205 As shown in Figure 2.21a, a HT-Na/S cell is typically
composed of β-alumina as a solid electrolyte and separator between two molten
electrodes, molten sulfur and molten sodium, and the working temperature is around
300 ℃.206 Molten sulfur electrode is always integrated into graphite felt to improve its
electronic conductivity in order to carry out the electrochemical reactions. Figure
2.21b shows the operating principle of a HT-Na/S cell, on discharge, Na+ transported
through β-alumina and combined with S to form sodium polysulfides.207 Initially,
sulfur and sodium polysulphide (Na2S5) formed a two-phase region at 2.075 V due to
their immiscible property at the operating temperature. Further, all sulfur reacted with
Na to form Na2S4, and then Na2S3 at 1.74 V. At deeper discharge, Na2S2 was formed
resulting in increased resistance at the positive electrode and prohibiting further
discharge. Hence, even though the Na/S cell displayed high energy density (760 Wh
kg-1) and volume density (2584 Wh L-1) theoretically based on a full reduction to Na2S,
many reports fail to achieve one-third of the theoretical capacity.208,209 Another
limitation of the Na/S system is the high operating temperature which caused a lower
overall efficiency (87%), some additional cost on expensive highly alloyed steels to
avoid the corrosive effect of molten S, Na and the polysulfide compounds, and serious
safety problems. Hence, the RT-Na-S battery is much safer than HT-Na/S and has
attracted much research efforts in recent years.

2.3.2. Principle of Room-temperature Na/S Batteries
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Figure 2.22 (a) Schematic illustration of room-temperature Na/S batteries.209 (b)
Theoretical versus practical discharge capacities in Na/S batteries.211
The room-temperature sodium sulfur (RT-Na-S) battery which is one type of Na
metal anode-based SIBs using sulfur as the cathode, emerged in 2006 and the research
on it is still in its infancy currently.209,210 The operation principle of RT-Na-S battery
is like the sodium-ion battery, consisting of a separator, sulfur cathode, sodium metal
anode, and electrolytes formed by sodium salts dissolved into organic solvents (Figure
2.22a).209 As shown in Figure 2.22b, in the high-voltage-plateau 2.20 V region Ⅰ, solid
S was transformed into dissolved Na2S8; in the voltage range of 2.20-1.65 V region Ⅱ,
the liquid-liquid reaction occurred between Na2S8 and Na2S4; in the low-voltageplateau 1.65 V region Ⅲ, dissolved Na2S8 can be transformed into insoluble Na2S3,
Na2S2, or Na2S, related to a liquid-solid reaction; in the voltage range of 1.65-1.20 V
region Ⅳ, a solid-solid reaction happened between insoluble Na2S2 and Na2S.211 Due
to the complicated reactions in RT-Na-S batteries, and the nonconductive nature of
sulfur, Na2S2 and Na2S, electrochemical reactions are kinetically slow and likely suffer
from high polarization. Based on the final reaction products Na2S, the theoretical
capacity is 1672 mAh g-1, which is attractive for low-cost and large-scale energy
storage applications.
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2.3.3. Sulfur Cathode Design for RT-Na-S Batteries

Figure 2.23 (a) Schematic drawing of the Na–S cell during galvanostatic cycling. (b)
SEM images and (c) cycling performance at a current density of 167.5 mA g-1 of
microporous carbon polyhedron sulfur composite (MCPS) cathode.215 (d) Schematic
of the confinement in the S@iMCHS composite. (e) TEM image and (f) galvanostatic
charge/discharge curves of RT-Na-S@iMCHS cells.216 (g, h) HRTEM images, SAED
pattern and (i) cycling performance of HSMC-Cu-S composite.217 (j) TEM image, (k)
HADDF-STEM image, and (l) rate performance of S@Con-HC composite.218
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Unfortunately, the RT-Na-S battery system still faces many critical challenges,
and has similar problems to Li-S battery, such as the low conductivity of sulfur and
shuttle effect of sodium polysulfides resulting in fast capacity fade during cycling. The
most common strategy to solve these problems in Li-S batteries is to adopt
carbonaceous materials as sulfur hosts. Inspired by these strategies, many efforts have
been paid on the sulfur cathode design in RT-Na-S batteries, such as the
sulfur/microporous carbon composite,212 S-PAN compound,213 sodium polysulfide
cathode.214 Archer et al. used microporous carbon polyhedron derived from a metalorganic

framework

as

the

sulfur

host

(MCPS),

employing

1-methyl-3-

propylimidazolium-chlorate ionic liquid tethered silica nanoparticle (SiO2–IL–ClO4)
as additive in 1M NaClO4 in a mixture of ethylene carbonate and propylene carbonate
(v:v = 1:1) as electrolyte (Figure 2.23a, b). MCPS delivered a stable reversible
capacity of 800 mAh g-1 at a current density of 167.5 mA g-1 after 50 cycles, because
there were no intermediate soluble NaPS species generated in this system (Figure
2.23c).215
Although there are some similarities between RT-Na-S batteries and Li-S
batteries, there are many differences. For example, the reactivity of sulfur and sodium
is much lower than that of sulfur and lithium, resulting in the inferior Na-S batteries
performances to Li-S batteries. The fully reversible conversion between the sulfur and
lithium is easily achieved by the reasonable design of the sulfur-carbon composite.
However, the fully reversible conversion between the sulfur and sodium is hard to
achieve. Wang et al. used interconnected mesoporous carbon hollow nanospheres
(iMCHS) as a sulfur host and employed in- situ synchrotron XRD to investigate the
sodiation/desodiation behaviour of the S@iMCHS (Figure 2.23d, e). It is found that
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S could be transformed into final product Na2S in the first cycle but Na2S cannot be
converted to S, and in following cycles, reversible reactions were just between Na2S4
and S, corresponding to a theoretical capacity of 418 mA h g-1.216 iMCHS delivered
superior rate capability and high capacity retention of ≈88.8% over 200 cycles (Figure
2.23f). Further, the introduction of suitable electrocatalyst to catalyze polysulfides
reactions is a pathway to improve the practical capacity of RT-Na-S battery. Yang et
al. developed Cu-decorated high-surface-area mesoporous carbon as a sulfur host
(HSMC-Cu-S) with S loading of 50% (Figure 2.23g, h).217 HSMC-Cu-S showed long
cycling stability, maintaining around 610 mAh g-1 after 110 cycles, and nearly 100%
Coulombic efficiency since 2nd cycle over 110 cycles (Figure 2.23i). In this work, Cu
could improve the conductivity and strong anchoring effect on polysulfides, but the
catalytic effect lacked investigation. Recently, a cobalt-decorated hollow carbon sulfur
host (S@Con-HC) has been adopted to catalyze the polysufides (Figure 2.23j, k).218
In-situ synchrotron XRD and in-situ Raman confirmed that atomic Co could
electrocatalytically reduce Na2S4 into Na2S, provide partial reversibility of the final
Na2S product, relieve shuttle effect and effectively alleviates dissolution of
polysulfides, displaying initial reversible capacity of 1081 mA h g-1 and 508 mA h g-1
at 100 mA g-1 even after 600 cycles (Figure 2.23l). These strategies and improvement
let us see the great potential of RT-Na-S batteries as high-capacity and long-cycle
technology for large-scale energy storage systems.

2.4. Conclusion
In conclusion, for NIBs, the key issue is to search for the electrode materials with
high specific capacity and long stability, as well as the suitable electrolyte. For Na-S
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batteries, the most important thing is to solve the sluggish kinetics between S and Na.
So, in this thesis project, we aimed to solve these key issues in NIBs and Na-S batteries.
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Chapter 3
3. Experimental Procedure
3.1. Overview
Figure 3.1 demonstrates the general experimental procedure in this thesis project.
Active materials including carbon materials, sodium titanates and carbon/sulfur
composites were synthesized through different kinds of methods. Then, their physical
and chemical properties were characterized by XRD, XPS, Raman, FT-IR, SEM, TEM,
STEM, etc. Finally, active materials were fabricated in coin-cells to test their sodium
storage performance.

Figure 3.1 The general experimental procedure of this thesis work.

3.2. Chemicals and Materials
The chemicals agents used in this thesis work are summarized in Table 3.1.
Table 3.1 Chemicals agents used in this thesis work.
Chemicals

Formula

Purity (%)

Ethanol

C2H5OH

100

Supplier
Chem-Supply Pty.
Ltd.
Chem-Supply Pty.

Ethanol

C2H5OH

96
Ltd.
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D-Sodium ascorbate

C6H7NaO6

97

Sigma-Aldrich

Hydrochloric acid

HCl

37

Sigma-Aldrich

Ammonium hydroxide

NH4OH

28-30

Sigma-Aldrich

Tetrabutyl orthosilicate

C16H36O4Si

97 %

Sigma-Aldrich

Tetrabutyl titanate

C16H36O4Ti

97 %

Sigma-Aldrich

Sodium hydroxide

NaOH

>=98 %

Sigma-Aldrich

Thiourea

CH4N2S

>=99 %

Sigma-Aldrich

MnSO4·H2O

>=99 %

Sigma-Aldrich

NH4HCO3

>=99 %

Sigma-Aldrich

Melamine

C3H6N6

99 %

Sigma-Aldrich

Resorcinol

C6H4-1,3-(OH)2

>=99 %

Sigma-Aldrich

Formaldehyde solution

HCHO

37 wt. %

Sigma-Aldrich

HAuCl4·H2O

99.995 %

Sigma-Aldrich

NaBH4

>=96 %

Sigma-Aldrich

S

>=99 %

Sigma-Aldrich

(CH2CF2)n

N/A

Sigma-Aldrich

C8H16NaO8

N/A

Sigma-Aldrich

Aluminium foil

Al

N/A

Vanlead Tech

Copper foil

Cu

N/A

Vanlead Tech

Carbon black

C

Super P

Timcal Belgium

C5H9NO

>=99.5 %

Sigma-Aldrich

C3H4O3

99 %

Sigma-Aldrich

Manganese (II) sulfate
hydrate
Ammonium hydrogen
carbonate

Gold (III) chloride
hydrate
Sodium
tetrahydridoborate
Sulfur
Polyvinylidene fluoride
(PVDF)
Sodium carboxymethyl
cellulose (CMC)

N-methyl-2-pyrrolidone
(NMP)
Ethylene carbonate (EC)
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Propylene carbonate
C4H6O3

99 %

Sigma-Aldrich

(C2H5O)2CO

99 %

Sigma-Aldrich

C3H3FO3

99 %

Sigma-Aldrich

Sodium perchlorate

NaClO4

98 %

Sigma-Aldrich

Sodium metal

Na

99.9 %

Sigma-Aldrich

(PC)
Diethyl carbonate (DEC)
Fluoroethylene carbonate
(FEC)

3.3. Materials Preparation
The methods used to prepare materials in this thesis mainly include the hydrothermal
method and the carbonization method.

3.3.1. Carbonization Method
Carbonization is a commonly used method to synthesize carbon-based material,
including complex reactions, such as dehydration, pyrolysis process in an inert
atmosphere. In the first and third work in this thesis, the biomass or organic substance
was converted into a highly carbonaceous material in the Ar atmosphere at a certain
temperature. In this thesis project, we used carbonization method to synthesize a series
of carbon-based materials.

3.3.2. Hydrothermal/Solvothermal Method
Hydrothermal/solvothermal method is a heterogeneous chemical reaction in aqueous
or organic solvents at high temperatures and high vapor pressures in a sealed system,
which is an important branch of the inorganic synthesis field. These approaches can
be applied to the synthesis of some materials which have a high vapor pressure near
their melting points or not stable at the melting point, as well as to grow large-good
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quality crystals. Moreover, the composition and morphology of products can be well
controlled in the hydrothermal/solvothermal method. In this thesis project, we used a
multiphase solvothermal method to synthesize sodium titanates.

3.4. Characterization Techniques
3.4.1. X-ray diffraction (XRD)
XRD is a nondestructive technique that used for revealing structural information, such
as chemical composition, crystallographic structure, crystallite size and preferred
orientation of materials. Hence, XRD has been widely used as an indispensable
technique in laboratory research. Bragg’s law (2dsinθ = nλ) is the fundamental
mechanism of XRD, where n is a positive integer and λ is the wavelength of the
incident wave. Constructive inference occurs when the condition of this equation is
satisfied. In this thesis project, the composition and the crystal structures of the asprepared products were characterized by a Bruker D8 Advance (Germany), MAC
Science X-ray diffractometer and GBC MMA X-ray diffractometer (Scientific
Equipment LLC, Hampshire, IL, USA). The radiation used in the XRD measurement
was Cu-Kα1 (40 kV, 25 mA, λ=0.15418 nm).

3.4.2. Synchrotron XRD
Compared to the simple XRD, Synchrotron XRD is based on a synchrotron light
source which is more intense than ordinary laboratory X-ray source, usually produced
by a storage ring, and the high purity X-rays are emitted from the tangential direction
of the high speed accelerated electron beam. It is a state-of-the-art technique.
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3.4.3. Raman Spectroscopy
Raman Spectroscopy is a light scattering technique in which the light is scattered by
molecules when light is irradiated on molecules. Besides, it is a non-destructive
chemical analysis technique, and containing detailed chemical and structural
information on molecules in materials. In this thesis project, the Raman spectra were
recorded on a Raman spectrometer (NEXUS 670, Nicolet) to identify the peak
intensity of G band to D band in carbon materials.

3.4.4. X-ray photoelectron spectroscopy (XPS)
XPS is a surface-sensitive quantitative spectroscopic technique that measures the
elemental composition, electronic state and chemical state of elements within a
material. When a beam of X-rays irradiated a material, the kinetic energy and number
of electrons that escape from the top 0 to 10 nm of the material are simultaneously
measured to obtain XPS spectra finally. In this thesis project, XPS measurements were
conducted on a Thermo Scientific K-Alpha instrument.

3.4.5. Thermogravimetric Analysis (TGA)
TGA is a technique of thermal analysis in which the weight change of a sample is
measured over time at a constant heating rate in oxygen or inert atmospheres. In this
thesis project, the sulfur content was conducted on a Mettler-Toledo TGA/DSC1 Star
System from 50 to 900 oC.

3.4.6. Scanning electron microscope (SEM)
SEM is a type of electron microscope that scans the surface of a sample with a focused
high energy beam of electrons to generate images of the sample. Various types of
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signals derived from electron-sample interactions include secondary electrons (SE),
reflected or back-scattered electrons (BSE), characteristic X-rays and light
(cathodoluminescence) (CL), adsorbed current (specimen current) and transmitted
electrons. These signals are collected by detectors to form images on a computer screen.
In this thesis project, the morphologies of the products were detected using fieldemission scanning electron microscopy (FESEM, JEOL JSM-7500FA).

3.4.7. Transmission Electron Microscope (TEM) and Scanning
Transmission Electron Microscope (STEM)
TEM is another microscopy technique, in which a beam of electrons is passing through
a sufficiently thin specimen to a detector below to form an image. The interaction
between the electrons and the sample can give information on the morphology, crystal
structure and electronic structure of a sample. STEM is a type of TEM, and its basic
working principle is like TEM, except that the electron beam in STEM is focused to a
fine spot (0.05 – 0.2 nm) and then is scanned over the sample in a raster illumination
system. Benefitting from the rastering of the beam across the sample, the signals of
electron energy loss spectroscopy (EELS), spectroscopic mapping by energydispersive X-ray (EDX) spectroscopy, or Z-contrast annular dark-field imaging can be
obtained simultaneously, to allow direct correlation of images and spectroscopic data.
In this thesis project, the products were characterized using transmission electron
microscopy (TEM, JEOL 2011), and scanning transmission electron microscopy
(STEM, JEOL ARM-200F).
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3.4.8. Brunauer-Emmett-Teller (BET)
BET is an important analysis technique to quantify the specific surface area of
materials, using the physical adsorption of gas molecules on a solid surface of
materials. Because nitrogen basically does not chemically react with materials, so it is
the most commonly used gaseous adsorbate and then the BET analysis is tested at
nitrogen’s boiling temperature (77 K). In this thesis project, the specific surface area
and porosities of samples were collected on a Micromeritics Tristar ii 3020 analyzer.

3.4.9. Density Functional Theory (DFT)
DFT is a computational quantum mechanical modelling method to investigate the
electronic/nuclear structure of many-body systems including atoms, molecules et al.,
which has been widely used in chemistry and materials science for the prediction of
system behavior at an atomic scale. In this thesis project, all density functional theory
(DFT) calculations were performed using the Vienna Ab Initio Simulation Package
(VASP).

3.5. Electrochemical Measurements
3.5.1. Electrode Preparation and Battery Assembly
The active materials, conductive carbon black and binder (CMC or PVDF) were mixed
in a certain ratio, and then a few drops of water or NMP were added to them to form a
uniform slurry. The as-prepared slurry was evenly coated on aluminum or copper foil
using a doctor blade and then dried in a vacuum oven for 12 h. Then, the Al or Cu foil
was punched into small rounds for use as cathodes, while the sodium metal served as
the anode and glass fiber (Sigma-Aldrich, F6911-100EA) served as the separator. The
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electrolyte was 1.0 M NaClO4 dissolved in different organic solvents (PC, EC or DEC)
with or without FEC as additive. The coin-type 2032 cells were assembled in argonfilled glove box and sealed with a certain pressure. A typical coin cell includes
negative cap, spring, spacer, sodium metal, separator, working electrode, positive cap
and the required amount of electrolyte (Figure 3.2).

Figure 3.2 Schematic illustration of half-cell assembly.

3.5.2. Cyclic Voltammetry (CV)
CV is a widely used technique in electrochemical measurement to explore the redox
reactions and evaluate the electrochemical polarization in the electrochemical system.
The working electrode’s potential is ramped linearly versus time, and then it is ramped
in the opposite direction upon reaching the set potential. It can be repeated as many
times as needed. Besides, CV curves at different sweep rates can be collected to assess
the kinetic characteristics of electrode materials toward Na storage. In this thesis
project, the CVs were collected on a Biologic VMP-3 electrochemical instrument.
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3.5.3. Galvanostatic Charge/Discharge
Galvanostatic charge/discharge is a commonly used technique to investigate the
specific capacity and cycling life of electrode materials at a constant current density in
a certain voltage range. The rate capability of electrode materials is investigated at
different current densities in a certain voltage range. Through the applied current and
the test time, the total electron charge can be calculated which equals the
charge/discharge capacity. In this thesis project, the coin-type 2032 cells were tested
on a LAND Battery tester at 25 oC in a certain voltage range.

3.5.4. Electrochemical Impedance Spectroscopy (EIS)
EIS is a measurement to perturb a sine wave current or potential of small amplitude on
a test system, which has been widely used in many fields of electrochemistry. In this
thesis project, the sodium-ion battery is generally perturbed by a sine wave potential
of small amplitude which is a non-destructive method to investigate its ohmic
resistance, charge transfer resistance and double-layer capacitance. Typically, the
measurement as a function of the frequency of the perturbation give an impedance
diagram including a semicircle in the high-frequency region and a linear tail in the
low-frequency region. The semicircle can be considered as the charge transfer
resistance and the linear tail is related to the diffusion of sodium ions in the bulk
electrode materials. EIS data were collected on a Biologic VMP-3 electrochemical
instrument in this thesis project.
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Chapter 4
4. Defect Sites Riched Porous Carbon with
Pseudocapacitive Behaviors as An UltraFast and Long-Term Cycling Anode for
Sodium-Ion Batteries
Abstract: Here, novel hierarchical 3D porous carbon materials are synthesized
through an in-situ template carbonization process. Electrochemical examination
demonstrates that the carbonization temperature is a key factor that affects Na+ ion
storage performance, owing to the consequent differences in surface area, pore-volume,
and degree of crystallinity. The sample obtained at 600 °C delivers the best sodium
storage performance, including long-term cycling stability (15000 cycles) and high
rate capacity (126 mAh g-1 at 20 A g-1). Pseudocapacitive behavior in the Na+ ion
storage process has been confirmed and studied via cyclic voltammetry. Full cells
based on the porous carbon anode and Na3V2(PO4)3-C cathode also deliver good
cycling stability (400 cycles). The porous carbon, combining the merit of high energy
density and extraordinary pseudocapacitive behavior after cycling stability, can be a
promising replacement for battery/supercapacitors hybrid and suggest a design
strategy for new energy storage materials.

4.1. Introduction
The fast consumption of traditional fossil fuels (coal, petroleum, and natural gas) has
incited great research interest in establishing clean and renewable energy systems. The
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intermittent availability of renewable energy sources such as wind and solar power is
urgently driving demands to develop electrochemical energy storage systems.1
Nevertheless, currently commercialized lithium-ion batteries (LIBs) cannot fulfill the
ever-growing demand for low-cost and large-scale energy storage devices, because of
the poor and uneven geographical distribution of lithium resources.1-5 Arising from
this background, room-temperature sodium-ion batteries (SIBs) have aroused great
research interest again in recent years because of their low cost and the practically
inexhaustible nature of sodium resources.6-9 The latest studies have reported that the
electrochemical properties of SIB cathode materials have reached the level of their
LIB counterparts.10-13 In terms of anode materials, although it was attempted to use
LIB anode materials into SIBs, the performances are still far from the expectation.1416

Such as the commercial LIB anode, graphite, which is barely electrochemically

active for sodium storage due to the large size of sodium ions.17 Despite alloying
materials (e.g. Sn, Ge, Pb, Sb) have high theoretical capacities (Na15Sn4: 847 mAh g1

, Na3Ge: 1,108 mAh g-1, Na15Pb4: 484 mAh g-1, Na3Sb: 660 mAh g-1) for sodium

storage, the huge volume variation during the Na alloying/dealloying (360-420%)
always leads to poor cycling stability.18,19 Transition metal oxides/sulfides face not
only large volume changes, but also low electrical conductivity, which means that they
cannot deliver good electrochemical properties such as long cycling performance and
high rate capability.20 The challenges, therefore, remains in the absence of suitable
anodes for SIBs, possessing high rate capability and long cycling stability.
Owing to the great advantages of their natural abundance, good electrical
conductivity, and thermal stability, non-graphite carbon materials (hard carbon or soft
carbon) have been considered as the most promising anodes for SIBs in recent years.21-
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According to previous studies, the sodium storage mechanism of non-graphite

carbons involves three contributions: Na-ion storage at defect sites, Na-ion
intercalation in grapheme layers, and pore-filling.16,25 Sodium storage at the defect
sites occurring at the sloping potentials is highly desirable because of three significant
advantages. First, the Na-ion diffusivity with this type of storage is much faster than
in the other two, which enables carbon materials to have better rate capability. Second,
the sodiation potential is above that for sodium dendrite formation, enhancing the
safety of the battery system. Third, the high sodiation potential slows down the
polarization and electrolyte degradation, which is favorable for a long cycling lifespan
and high current rates.15,16,25 Therefore, carbon materials that have many defects will
demonstrate a high rate performance and long cycling stability, similar to a
supercapacitor.8,16,25 In particular, they have a three-dimensional (3D) porous structure
because that can not only supply good access between the electrolyte and the electrode,
but also can accommodate the local volume expansion of carbon.26 Most of the current
studies are focused on hard carbon, however, which stores most of its sodium ions
through the mechanism of Na-ion intercalation in graphene layers. Although soft
carbon materials have also been studied, their performances are still not good enough
for commercial use in SIBs. It is therefore imperative to fabricate novel carbon
materials with huge numbers of defects through a large-scale route in order to improve
the performance of carbon materials for use in SIBs.
Here, hierarchically porous carbon materials with high surface area have been
synthesized through a facile in-situ template route, using D-sodium ascorbate as the
precursor. The crystalline structure, surface area, pore-volume, and especially the
defect sites, which vary based on different calcinations temperatures, are critical
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factors in determining the electrochemical performance of carbon materials and are
discussed in this study. The electrochemical results demonstrate that the synthesized
porous carbon materials carbonized at 600 °C exhibit superior long-term cyclability
(15000 cycles) and high rate capacity (126 mAh g-1 at 20 A g-1). Furthermore, the
partially pseudocapacitive behavior of the carbon anodes, which contributes to longterm cycling stability and high rate capacity, and has been rarely discussed in
references before, is certified and evaluated in detail. Full cells with Na3V2(PO4)3-C
as cathode have been assembled and delivered high energy density. The outstanding
electrochemical performance and large-scale-derived approach make porous carbon
materials promising candidates for highly efficient and low-cost practical application
of SIBs.

4.2. Experimental Section
4.2.1. Materials Synthesis
D-sodium ascorbate was carbonized in a tubular furnace within the range of
temperature from 400-1000 °C for 2 h under nitrogen atmosphere. A heating rate of
2 °C/min was applied for the carbonization. The obtained dark solid was washed with
1 M HCl and deionized water to remove the impurities. The resultant product, porous
carbon, was filtrated and dried at 60 °C in vacuum.

4.2.2. Materials Characterization
The crystalline structure and morphology of the products was performed by X-ray
diffraction (XRD, Cu Kα radiation, λ =1.5418 Å, Bruker D8 Adv, Germany),
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transmission electron microscopy (TEM, JEOL JEM 1011, Japan), high-resolution
transmission electron microscopy (HRTEM, JEOL 2100, Japan), and field-emission
scanning electron microscopy (SEM, SUPRATM 55, Germany). The surface area and
porous structure were measured using a gas absorptiometer (Micromeritics ASAP2020HD88, USA). The Raman spectra were recorded on the Raman spectrometer
(NEXUS 670, Nicolet, USA).

4.2.3. Electrochemical Measurements
Electrochemical measurements: For the working electrode, 80 wt% active material,
10 wt% conductive carbon black, and 10 wt% sodium carboxymethyl cellulose (CMC)
were dispersed in deionized water and milled for 0.5 h. The thus-formed slurry was
spread over copper foil with a wet film thickness of 200 μm. The copper foil was cut
into round slices with a mass loading of about 1.2 mg cm-2. The working electrode was
assembled into coin cells (2032) in an argon-filled glove box (Mikrouna, Super
1220/750/900), using 1.0 M NaClO4 in propylene carbonate (PC) as the electrolyte,
Whatman GF/F as the separator, and metallic sodium as the anode. Cyclic voltammetry
(CV) was conducted on electrochemical workstations (LK 2005A, China).
Galvanostatic discharge-charge cycling was conducted on battery cyclers (LandCT2001A, China) at 25 °C. For the full cell, 75 wt% Na3V2(PO4)3/C, 15 wt% acetylene
black, and 10 wt% polyvinylidene fluoride were coated on Al foil as the cathode. An
activation treatment of the porous carbon-based negative electrodes was conducted,
which consisted of several galvanostatic cycles in the voltage range of 0.01-2 V vs.
Na/Na+ in half cells at the low current density of 50 mA g-1. The excess capacity of the
cathode was controlled at 6%.
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4.3. Results and Discussion

Figure 4.1 (a) Schematic illustration of the formation process to produce the porous
carbon for sodium-ion batteries. (b) SEM image, and (c, d) low and high magnification
TEM images of C-600. (e-i) HRTEM images with insets showing the selected area
electron diffraction (SAED) patterns of porous carbon materials calcined at different
temperatures.

Figure 4.2 (a) XRD patterns and (b-d) TEM images of the precursors derived at
different temperatures before HCl treatment. The by-product Na2CO3 would
decompose with the increasing temperature because its melting point is 851 oC. (e)
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Photograph demonstrating large-scale production of porous carbon materials.

Figure 4.3 The (a) chemical formula, (b) XRD pattern, (c-e) low and highmagnification SEM images, and (d-h) TEM images of porous carbon derived from
calcination of sodium gluconate at 600 °C under Ar atmosphere and then washed with
dilute HCl.
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Figure 4.4 The (a) chemical formula, (b) XRD pattern, (c-e) low and highmagnification SEM images, and (d-h) TEM images of porous carbon derived from
calcination of sodium citrate dihydrate at 600 °C under Ar atmosphere and then
washed with dilute HCl.

Figure 4.5 The (a) chemical formula, (b) XRD pattern, (c-d) low and highmagnification SEM images, and (e-f) TEM images of porous carbon derived from
calcination of sodium alginate at 600 °C under Ar atmosphere and then washed with
dilute HCl.
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Figure 4.6 The (a) chemical formula, (b) XRD pattern, (c-d) low and highmagnification SEM images and (e-f) TEM image of porous carbon derived from
calcination of sodium carboxymethylcellulose at 800 °C under Ar atmosphere and then
washed with dilute HCl.

Figure 4.7 TEM images of (a) C-800, (b) C-1000.
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Figure 4.1a illustrates the in-situ template strategy for the synthesis of D-sodium
ascorbate -derived porous carbon materials. When heated at high temperatures, the Dsodium ascorbate will decompose and produce an in-situ template of Na2CO3. In the
meantime, the organic parts were carbonized on the surface of the Na2CO3 to form a
Na2CO3/carbon composite (Figure 4.2). The hierarchical porous carbon materials are
obtained after the removal of Na2CO3 by dilute HCl. This route is simple, costeffective, and favorable for large-scale production (Figure 4.2e). More importantly, it
is also a general method that can be used to fabricate porous carbon materials.
Synthesis of other carbon materials with different porous structures has been
demonstrated by using this general route from sodium-containing organic materials,
such as sodium gluconate (Figure 4.3), sodium citrate (Figure 4.4), sodium alginate
(Figure 4.5), and sodium carboxy methylcellulose (Figure 4.6). In this work, Dsodium ascorbate is selected as our study object because of its non-toxic and harmless.
The final products are denoted as C-500, C-600, C-800, and C-1000 according to the
calcination temperatures.
The detailed structures and morphologies of the as-synthesized samples were
studied through SEM, TEM, and HRTEM techniques. The panoramic view of the C600 sample demonstrates that it is made up of lamellar-shaped carbon flakes (Figure
4.1b) with a thickness of several micrometers. Closer observations reveal a porous
nature with a rough flake surface (Figure 4.1c and 4.1d). This is in good agreement
with the TEM observations (Figure 4.1e and 4.1f). The obvious contrast demonstrates
that C-600 carbon flakes contain abundant mesopores and macropores. Such structure
is beneficial to sodium storage because it can not only reduce path lengths for Na+
ions/electrons, but also provides a larger contact area between the electrolyte and the
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electrode.26 Interestingly, as the calcination temperature is increased, some porous
structure will be produced without HCl treatment (Figure 4.2c and 4.2d). This may be
caused by the decomposition of Na2CO3 at high temperatures (since the decomposition
temperature of Na2CO3 is about 1000 oC). At the same time, the pores become denser
and bigger (Figure 4.7). The HRTEM image of C-600 (Figure 4.1g) reveals that the
sample is a highly disordered structure. However, weakly short-range ordered
structures are observed in C-800 and C-1000 (Figure 4.1h and 4.1i). In addition, the
diffraction rings, characteristic of amorphous materials, become sharper and sharper
as the temperature increases, demonstrating the gradual development of the local
graphitic structure. As the crystalline structure relates to the defect in the structure, C600 has the most defects compare to C-800 and C-1000. 15 All those results indicate
carbonization temperature has a great impact on the structure of the final samples. As
the sodium storage performance of carbon materials largely depends on its structure,
the carbonization temperature is supposed to greatly affect the electrochemical
performance of D-sodium ascorbate-derived porous carbon materials.

Figure 4.8 (a) XRD patterns, (b) Raman spectra of porous carbon materials carbonized
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at different temperatures. (c) Nitrogen adsorption-desorption isotherms, (d) Barrett–
Joyner–Halenda (BJH) desorption pore size distribution, with the inset showing an
enlargement for low pores sizes, and (e) physical parameters of porous carbon
materials at different carbonization temperatures (IG and ID are the integrated
intensities of the D- and G-band. SBET: surface area calculated by the BrunauerEmmett-Teller (BET) method. Vt: the total pore volume determined at a relative
pressure of 1).

Figure 4.9 Curve-fitted Raman spectra of (a) C-800 and (b) C-1000.
The X-ray diffraction (XRD) patterns, Raman spectra, nitrogen adsorptiondesorption isotherms, and analysis results for the porous carbon samples are shown in
Figure 4.8. The XRD peaks corresponding to the (002) planes of graphite in
amorphous carbon structure are presented in all the XRD patterns of all the samples.27
With the increase of the calcination temperature, the peaks display shift close to
graphite (002) and the intensity becomes sharper and narrower as well. Accordingly,
the calculated average interlayer d002 spacing (Figure 4.8e) becomes smaller and
smaller, indicating that the amorphous carbon structure is changing towards shortrange ordering. The interlayer spacing d002 for the carbon samples is wider than for
classical graphite (0.336 nm), which would be of benefit for reversible sodium ion
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insertion/extraction. The Raman spectra and curve-fitting analysis results are shown
in Figure 4.8b and Figure 4.9. All the Raman spectra exhibit a broad D band (at 1350
cm-1), which is characteristic of disordered graphite, and the G band (at 1590 cm-1) is
related to the bond-stretching mode of planar sp2-C atoms for crystalline graphite.27,28
The peak intensity ratio of the G band to the D band (denoted as IG/ID) increases with
the gradual rise in carbonization temperature, further demonstrating that the carbons
are becoming progressively more ordered (Figure 4.8e, Figure 4.9). Nevertheless,
even for C-1000, the IG/ID ratio is 0.67, which is a relatively low value, confirming the
far less developed nature of the graphitic structure in these carbons.2,3 Furthermore,
the IG/ID ratio can be applied to quantify the concentration of defects in carbon
materials.

15,16

These ratios indicate that the C-600 sample has the highest

concentration of defects, while the C-1000 has the lowest concentration.16 This is
consistent with the HRTEM observations.
Figure 4.8c and 4.8d shows nitrogen adsorption-desorption isotherms, and the
Barrett-Joyner-Halenda (BJH) desorption pore size distribution of the carbons and
their porous properties are summarized in Figure 4.8e. All the carbon samples exhibit
type Ⅳ adsorption isotherms in which the amount adsorbed climbs steeply. This is
ascribed to the capillary condensation in mesopores at higher pressures.29,30 The Type
H3 hysteresis loops range from relative pressure, P/P0 = 0.5 to the saturation vapor
pressure, suggesting that mesopores and macropores both exist in the carbons.29 The
isotherms with Type H3 loops are also commonly related to slit-like pores in plate-like
materials.29 In addition, all the carbon samples show a similar tendency towards broad
pore size distributions, regardless of the different carbonization temperatures. For C600, the pore size distribution is in the wide range of 2-100 nm, presenting large
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amounts of mesopores and macropores, which is consistent with the TEM and SEM
observations. The pore volume and BET surface area increase with increasing
carbonization temperature, indicating that the carbonization temperature has a huge
impact on the porous properties of the carbons. C-600 displays the smallest BET
surface area of 488 m2 g-1, while C-1000 shows the largest surface area of 1329 m2 g1

. The XRD patterns, Raman spectra, and BET measurements are well supported by

the SEM, TEM, and selected area electron diffraction (SAED) results, indicating
beneficial structures with abundant active defects and high surface area. It is believed
that these physical parameters of the carbons have significant effects on sodium-ion
storage and will be discussed later.
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Figure 4.10 (a) Cyclic voltammograms for the first 4 cycles collected at a sweep rate
of 0.1 mV s-1 in the voltage range of 0-2 V for the C-600 sample. (b) Initial
discharge/charge profiles of C-600 sample (inset: discharge/charge profiles of C-600
sample at various current densities). (c) Cycling performance of various carbon
samples at a current density of 0.5 A g-1. (d) rate capability from 0.05 A g-1 to 20 A g1

of porous carbon materials carbonized at different temperatures. (e) Long-term

cycling performance at 10 A g-1 of C-600 sample.

Figure 4.11 Cyclic voltammograms for the first 3-4 cycles at a sweep rate of 0.1 mV
s-1 in the voltage range of 0-2 V for the (a) C-800 sample, (b) C-1000 sample.

Figure 4.12 Initial discharge/charge profiles of various carbon samples.
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Figure 4.13 (a) XRD, (b) TEM, (c) HRTEM images, (d) Raman spectra, (e) BET
surface area, (f) pore size distribution, (g) cycling and (h) rate performance of C-500
sample. (i) EIS spectra of C-500 and C-600 samples.

Figure 4.14 (a) CV curves and (b) charge-discharge curves of the C-500 sample.
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Table 4.1 Cyclability comparison of our work vs. previously reported results of carbon
SIB anodes.

Cyclic voltammetry (CV) curves of the various carbon samples were examined
to explore their Na+ insertion/extraction properties (Figure 4.10a and Figure 4.11).
Two obvious peaks are observed in the first CV cathodic cycle of the C-600 sample.
The first broad cathodic peak around 0.9 V can be attributed to the electrolyte
decomposition to form the solid electrolyte interphase (SEI) layer on the carbon
surface and to sodium ion storage at defect sites of graphene layers.16,25 Interestingly,
unlike other reported carbon materials, this peak does not disappear in the second cycle,
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but shifts to 0.6 V instead, indicating that part of this reaction can be reversible. The
disappearance of the peak in other reports is always ascribed to the SEI layer formation
only.16 Therefore, the partly reversible peak in our case should correspond to sodium
ion storage at defect sites. The second peak located at low potential (from 0.5 to 0 V)
is much wider than for the previously reported hard carbon materials (from 0.2 to 0
V).17,31 The common narrow peak only comes from sodium ion insertion into graphene
layers, nanovoids, and pore-filling.16 Thus, the peak from 0.2 to 0.5 V should
correspond to the sodium ion adsorption on the carbon surface.16 More importantly,
this peak can also be reversible in the subsequent cycles. The above results indicate
that the C-600 sample contains a huge number of defects, which can store sodium ion
quickly and frequently, in a supercapacitor-like manner. Accordingly, the extraction
of sodium ions is also different and occurs in a wide voltage range in the reverse scan,
forming a rectangular-like CV shape, which is the nature of capacitive charge storage
by surface adsorption/desorption of ions.15 From the 2nd cycle, the cathodic peaks shift
to lower voltage as the unwanted side reactions such as electrolyte decomposition
cease to be an issue.17 The CV curves of C-800 and C-1000 (Figure 4.11a and 4.11b)
are very different from those of C-600. The reversible peak for sodium-ion storage at
defect sites has almost disappeared. This result is in good agreement with the Raman
spectra and HRTEM images. With higher calcinations temperature, the D-sodium
ascorbate-derived porous carbon materials acquire short-range ordering, accompanied
by the disappearance of the defects. Therefore, the C-600 sample exhibits the largest
integral area and strongest intensity peaks among all the samples, which demonstrates
that it is the best anode for sodium storage among the tested samples.16,31
In line with the CV curves, there are great differences in the galvanostatic
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discharge/charge profiles between C-600 and the other reported carbon materials.
There is a big smooth slope between 1.5 and 0.2 V, and a very small plateau below 0.2
V in the C-600 sample discharge profile (Figure 4.10b). On the contrary, the plateau
below 0.2 V is very big, and the slope is small for the other reported carbon
materials.16,23 This difference mainly arises from the different sodium storage
mechanisms. The sodium storage is largely dependent on the defects in our case, while
that mainly occurs in the graphene layers in the other reported carbon materials. The
sloping region reflects surface adsorption/desorption charge storage mechanism,
which is like capacitance behavior and beneficial to high rate capacity and long-term
cyclability. Thus, it can be expected that the C-600 sample would achieve excellent
rate performance, because Na+ ion storage by defect sites is responsible for quite fast
Na+ ion diffusion, according to the galvanostatic intermittent titration technique (GITT)
results in the literature.15,16 More interestingly, the percentage of plateau region at a
low potential, corresponding to Na+ ion storage via intercalation, decreases with
increasing current density.16,32 At the high current density of 20 A g-1, the low plateau
almost disappears. The first discharge/charge capacities of C-600, C-800, and C-1000
at a current density of 0.2 A g-1 are 370/285, 510/228, and 580/180 mAh g-1,
respectively, demonstrating corresponding initial Coulombic efficiencies of 65%, 45%,
and 31% (Figure 4.12). It is well known that the main physical parameters, involving
the specific surface area, pore-volume, and degree of ordering of carbon materials,
synergistically affect the electrochemical performance of the carbon materials.31,32 For
example, smaller interlayer spacing, d002, has a negative effect on Na+ ion insertion
into graphene layers, whereas larger surface area promotes more Na+ ion storage. At
the same time, however, the larger surface area can also result in electrolyte
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decomposition, SEI layer formation, and unwanted side reactions, leading to large
capacity loss and low initial Coulombic efficiency.26 As consequence, the C-600
sample exhibits moderate interlayer spacing d002 and surface area, resulting in the
highest initial Coulombic efficiency among the three carbon samples.
The cycling performances of the synthesized samples were investigated and
shown in Figure 4.10c. Because of the SEI layer formation, all the samples show
capacity decay in the initial cycles and then reach stable values. As expected, C-600
delivers the highest specific capacity. After 200 cycles at a current density of 0.5 A g1

, it still maintains a high capacity of about 220 mAh g-1. Although it has many defects,

C-500 displays a lower capacity (Figure 4.13 and 4.14). The reason mostly is that the
low annealing temperature leads to low electronic conductivity of carbon, and inferior
electrochemical properties.15 This is in line with the CV results. C-500 shows lower
electrochemical kinetics than C-600 (Figure 4.14). Too high annealing temperature
leads to the reduction of the defects, thus resulting in C-1000 to exhibit a relatively
low capacity. All these results are agreement with the CVs tests and HRTEM images.
The rate capabilities of the fabricated samples were also tested and shown in
Figure 4.10d. Excitingly, the C-600 sample still exhibits the best rate performance. At
every current density, the specific capacity of C-600 is higher than those of the other
samples. This agrees with the cycling results and discharge-charge profiles shown in
Figure 4.10c and Figure 4.13. The C-600 electrode delivers reversible capacities of
280, 229, 217, 180, 165, 143, 130, and 126 mAh g-1 at various current densities of 0.05,
0.1, 0.5, 1, 2, 5, 10, and 20 A g-1, respectively. The capacity of the C-600 electrode
could recover to 292 mAh g-1 when the current density was returned to 0.05 A g-1,
confirming the well-sustained structural integrity within a wide voltage range.
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It is essential but challenging to achieve long-term cycling stability at high current
density for present SIBs, because the unwanted side reactions during long cycle life
involving the host materials make it difficult to store large sodium ions. In our work,
a high capacity of 115 mAh g-1 could be maintained by the C-600 sample after 15000
cycles when the current density increased to 10 A g-1, with a Coulombic efficiency of
nearly 100%. To the best of our knowledge, such as high rate capacity and long cycle
life, are outstanding by comparison with previously reported carbon anodes (Table
4.1).8,17,31,32 The high reversible capacity and long-term cyclability of the C-600
sample can be attributed to its unique structure, which was synthesized via a simple
method. First, the porous structure can decrease the electron/ion diffusion length and
provide good access between the electrolyte and the electrode.26 Also, the void spaces
can store more sodium ions and help to constrain the local volume expansion of the
carbon. In addition, the larger interlayer spacing could enable easy insertion/extraction
of sodium ions and provide more sodium storage sites. The most important point is the
appropriate calcination temperature, which not only guarantees that the sample has
high electrochemical kinetics, but also maintains a huge number of defects in the
sample. 15,33
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Figure 4.15 For the C-600 electrode: (a) CV curves at different sweep rates, from 0.1
mV s-1 to 100 mV s-1 (inset: CV curves from 0.1 mV s-1 to 1.8 mV s-1), (b) b-value
obtained by the slope of log(i) versus log(v) in reduction and oxidation states, (c)
normalized capacity versus scan rate, v-1/2, (d) cathodic peak shift versus log(sweep
rate), (e) current contribution ratio of capacitive and diffusion process at different scan
rates, and (f) capacitive contribution (the shaded region) to total current at a scan rate
of 4 mV s-1.
To gain a better understanding of the remarkable cycling stability and high rate
capacity of the C-600 sample, CV curves at different scan rates were collected to
evaluate the electrochemical kinetics towards Na+, as shown in Figure 4.15. The CVs
at various scan rates from 0.1 to 100 mV s-1 display a similar shape, in that all involve
broad cathodic and anodic peaks (Figure 4.15a and inset). The curves have a more
rectangular shape at high sweep rates, which is characteristic of the pseudocapacitive
charge storage mechanism.34,35 The cathodic peak shifts a little (< 0.08 V) while the
sweep rate increases from 0.1 to 4 mV s-1 (Figure 4.15b), demonstrating small
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polarization and fast kinetics.36 In Figure 4.15c, the relation between the sweep rate
(ν) and the corresponding current (i) is given by the following equation37:
i =a vb

(1)

The b parameter value is determined by the slope of plots of log(i) versus log(ν). A b
value of 1 indicates the total capacitive behavior of the sample, whereas 0.5 represents
the diffusion-controlled process. For the C-600 sample in Figure 4.15c, the b value
for both cathodic and anodic peaks is 0.82, suggesting surface-controlled behavior and
capacitor-like fast kinetics. A small decrease in the plot slope is observed with an
increasing sweep rate to 4 mV s-1, indicating that b value has changed from 0.82 to
0.78. The small decline in b value may be ascribed to ohmic resistance and diffusion
constraints at high scan rate, which has been observed in T-Nb2O5 and TiO2-graphene
electrodes.36,38
Electrochemical kinetics analysis based on capacity (Q) versus ν-1/2 is carried out
to gain further insight into the difference between capacitive and diffusion controlled
behavior.39,40 The relationship expression Q vs.ν-1/2 has been proposed by Trasatti et
al,39 in which Q ∞ corresponds to capacitive capacity and is derived from the
extrapolated y-intercept in this type of plot.
Qtot = Q∞+ constant∙(ν-1/2)

(2)

It should be observed that there are two distinct regions in the plots shown in Figure
4.15d, which is analogous to the behavior of the plots in Figure 4.15b and 4.15c. The
normalized capacity is approximately linear to ν-1/2 at low sweep rates < 4 mV s-1,
reflecting the independence of the capacitive contribution to the sweep rate in this
range. The capacity decreases rapidly, however, with increasing sweep rate,
corresponding to the rate-limited diffusion process. Further detailed analysis of the
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sweep rate dependence of voltammetric currents could quantitatively distinguish
capacitive and diffusion-controlled contributions at a fixed voltage. The current
response (i) at a fixed voltage (V) is a mixed process of diffusion (k2ν1/2) and capacitorlike behavior (k1ν):41
i(V) = k1ν + k2ν1/2

(3)

Thus, by determining k1 and k2, it becomes possible to distinguish the capacitive and
diffusion processes. The capacitive contribution gradually increases with the rising
sweep rate, as shown in Figure 4.15d. The capacitive contribution ratio reaches 78%
at a sweep rate of 4 mV s-1, as shown in Figure 4.15f. Such pseudocapacitive behavior
is highly beneficial to long-term cyclability and high-rate capacity.

Figure 4.16 (a) Charge-discharge profiles for the first cycle and (b) cycling
performance at a current density of 0.2 A g-1, and (c) rate performance for the
assembled full cell Na3V2(PO4)3-C//C-600. (d) Schematic illustration of the full cell
with C-600 anode and home-made Na3V2(PO4)3-C cathode.
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Figure 4.17 (a) TEM image, (b) discharge-charge profiles for the first 2 cycles, and
(c) cycling performance at 0.1 A g-1 of home-made Na3V2(PO4)3-C.
Such intriguing cycling stability and remarkable rate capability of the C-600
sample encourage us to explore its potential for the actual application, and the full cells
were assembled with home-made Na3V2(PO4)3-C as a cathode, as shown in Figure
4.16. The Na3V2(PO4)3-C powder was prepared by the high temperature solid-state
method, delivering 90 mAh g-1 with a voltage platform of 3.4 V, as shown in Figure
4.17.42 Figure 4.16a displays typical charge-discharge profiles of Na3V2(PO4)3-C //C600 in the voltage range from 1.4 to 4.0 V at a current density of 0.2 A g-1. The first
charge and discharge capacities of the full cell are 281 and 256 mAh g-1 (based on
anode mass), respectively, after several activation cycles, demonstrating an initial
Coulombic efficiency of 91% with average working voltage of 2.4 V. The high
working voltage enables high-energy density, so that a specific energy density of 153
Wh kg-1 can be achieved based on the total mass of the anode and cathode. Moreover,
the full cell exhibits a stable Coulombic efficiency above 98% during cycling and good
capacity retention, even after 400 cycles. The full cell also delivers excellent rate
performance, delivering about 150 mAh g-1 at a current density of 2 A g-1. The
outstanding electrochemical properties suggest the possibility that C-600 could be
applied in practical SIBs.
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4.4. Conclusion
Novel porous carbon materials were fabricated by an in-situ template approach using
D-sodium ascorbate as raw material. Carbon materials at various carbonization
temperatures are synthesized from 500 to 1000 °C, and the direct correlation between
the physicochemical properties and the carbonization temperatures of the carbon
samples was studied. C-600, having the most defects, exhibited a high capacity of 115
mAh g-1 after 15000 cycles at the high current density of 10 A g-1, implying excellent
long-term cycling stability. Na+ intercalation by the pseudo capacitance mechanism,
which enables long cycle life and ultra-fast rate capacity, in the C-600 sample was
confirmed by the powerful CV technique at different scan rates. Additionally, full cells
based on Na3V2(PO4)3-C cathode and C-600 anode were assembled, delivering a good
cycling stability (400 cycles), and high rate capacity (150 mAh g-1 at a current density
of 2 A g-1). This method is efficient, affordable, and capable of large-scale production
to reach actual application of carbon anodes for SIBs.
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Chapter 5
5. Boosting Sodium Storage of Double-Shell
Sodium Titanate Microspheres Constructed
from 2D Ultrathin Nanosheets via Sulfur
Doping
Abstract: Sulfur-doped double-shell sodium titanate (Na2Ti3O7) microspheres
constructed from two-dimensional (2D) ultrathin nanosheets are synthesized via a
templating route combined with a low-temperature sulfurization process. The resulting
double-shell microspheres delivered a high specific capacity (~222 mA h g−1 at 1 C),
excellent cycling stability (162 mAh g-1 after 15000 cycles at 20 C), and superior rate
capability (122 mAh g-1 at 50 C) as anode for SIBs. The improved electrochemical
properties are originated from synergistic effects between the unique double-shell
nanostructures built from 2D nanosheets architecture and sulfur doping. This
synergistic effect not only stabilize Na2Ti3O7 based electrode during the cycling, but
also improve the sluggish Na insertion/extraction kinetics by narrowing the bandgap
of Na2Ti3O7. The synthesis strategy proposed in this work can be developed into a
technical rationale for generating high-performance sodium storage device.

5.1. Introduction
Urgent concerns involving limited quantity and uneven distribution of lithium sources
have driven researchers to pay more attention to exploiting novel rechargeable
batteries to replace lithium-ion batteries (LIBs), especially in the large-scale energy
storage field. As the neighbour of lithium in the periodic table, sodium displays similar
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physical and chemical properties, but with abundant natural resources, much lower
cost, and ubiquitous presence around the globe. Therefore, SIBs are expected to be the
most promising candidates as next-generation batteries.1,2 The commercial LIB anode
(graphite), however, exhibits extremely poor sodium storage (only capacity of 31 mAh
g-1) in ester-based electrolytes, and has a low insertion voltage (close to 0 V, which
easily causes sodium plating and arouses safety concerns), which largely restrict it in
practical use in SIBs.2-4 Alloying and conversion-type materials also suffer from huge
volume changes during cycling that will lead to electrode pulverization and thus
capacity fading.5-7 Therefore, searching for suitable anodes with high capacity, long
cycling stability, and high rate capability is the critical issue for bringing SIBs into
practical application.
As a typical Ti-based compound, sodium titanate (Na2Ti3O7), comprises zigzag
layers of titanium and oxygen octahedral, where 3.5 Na ions per formula unit can be
easily inserted into the interlayer space, resulting in a capacity of 310 mAh g -1.8 In
addition, Na2Ti3O7 displays the lowest average Na intercalation potential (0.3 V for
Na+ insertion, but above the voltage for the formation of Na dendrites) compared to
the reported insertion-type oxides, which is beneficial for achieving high operating
voltage and energy density in full batteries.9,10 In particular, the large interlayered
spacing of ~0.83 nm is favorable for the charge storage properties and the diffusion of
electrolyte ions.11-14 Notwithstanding, there are still some shortcomings of Na2Ti3O7
anode:[15-19] (i) the low electronic conductivity caused by the large bandgap (3.7 eV)
results in ineffective charge transport and thus limits the rate performance of SIBs;8-11
(ii) the aggregation and overlapping of Na2Ti3O7 layers due to the large surface energy
lead to fast capacity decay during Na+ insertion/extraction;[15] and (iii) the stability and
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lifetime concerns aroused by the volume expansion upon Na uptake are still an
obstacle to the use of Na2Ti3O7 in large-scale SIB application.8 To address these issues,
a series of effective strategies have been developed, including widening the interlayer
spacing of Na2Ti3O7,16 regulating the morphology on the nanoscale,8,10,12 and using
carbonaceous materials as a conductive matrix.14,17
Here, we report the design and fabrication of sulfur-doped double-shell Na2Ti3O7
microspheres (S-NTO) constructed from 2D ultrathin nanosheets as anode for SIBs.
This strategy involves the synthesis of the double-shell Na2Ti3O7 microspheres by a
hard-templating route and the sulfurization of Na2Ti3O7 nanosheets via a scalable and
low-cost low-temperature annealing process. This unique electrode design to improve
the sodium storage performance has several benefits as follows: First, the ultrathin
thickness (layer number in the range of 2-6) and wider interlayer spacing (0.87 nm) of
Na2Ti3O7 nanosheets provide shorter and more rapid ion diffusion pathways, which
can facilitate the sodium intercalation/deintercalation. Second, the unique double-shell
structure allows for smooth electrolyte penetration and fast ion/mass transport, and the
three-dimensional (3D) hierarchical architecture can avoid the stacking/restacking of
Na2Ti3O7 nanosheets, thus leaving enough space for buffering the volume expansion.
Third, sulfurization can narrow the band gap and enhance the electronic conductivity
of Na2Ti3O7. As a result, the sulfur-doped double-shell Na2Ti3O7 microspheres were
evaluated as SIB anode, and they exhibited a high specific capacity (~222 mAh g-1 at
1 C), excellent cycling stability (162 mAh g-1 after 15000 cycles at 20 C), and superior
rate capability (122 mAh g-1 at 50 C).
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5.2. Experimental Section
5.2.1. Materials Synthesis
Synthesis of SiO2 spheres: SiO2 nanospheres were synthesized by the typical Stöber
method: 3.14 mL of NH3·H2O was mixed with 74 mL of ethanol and 10 mL of
deionized water. After stirring for 30 minutes, 6 mL of tetrabutyl orthosilicate (TEOS)
was added dropwise into the above-mixed solution under stirring. The reaction
temperature was kept at 25 oC for 6 h under stirring. The product, SiO2 nanospheres,
was obtained by centrifugation and washed with deionized water and ethanol three
times.
Synthesis of SiO2@TiO2: 0.15 g of the as-prepared SiO2 nanospheres were dispersed
into a mixed solution of NH3·H2O (0.9 mL) and absolute ethanol (200 mL) by
ultrasonification for 20 minutes. Then, 2 mL of tetrabutyl titanate (TBOT) was dripped
slowly into the above mixture under stirring, and the mixture was kept at 45 oC for 24
h. The product, SiO2@TiO2, was collected by filtration.
Synthesis of Na2Ti3O7, calcined Na2Ti3O7, and sulfur-doped Na2Ti3O7: The asprepared SiO2@TiO2 nanospheres was dispersed into 10 mL of deionized water, and
then mixed with 10 mL of 0.6 M NaOH solution. The mixture was transferred to a
Teflon-lined autoclave and kept at 140 oC for 12 h. The product, denoted as NTO, was
collected and washed with deionized water three times. The as-prepared NTO was
calcined at 300 oC for 4 h under Ar atmosphere, with the product denoted as C-NTO.
For the sulfidation of NTO, thiourea powder was placed on both ends of a magnetic
boat, and NTO was placed in the middle of the magnetic boat and finally annealed at
300 oC for 4 h under Ar atmosphere. The ratio of thiourea to NTO was 10:1 by weight,
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and the final product was washed with carbon disulfide and ethanol, and denoted as SNTO.

5.2.2. Materials Characterization
Material characterization: The structure of the products was characterized by a MAC
Science X-ray diffractometer (XRD, Cu Kα radiation) at a scan rate of 1 degree per
minute. The morphology of the samples was acquired by field-emission scanning
electron microscopy (FESEM, JEOL JSM-7500FA), transmission electron
microscopy (TEM, JEOL 2011), and scanning transmission electron microscopy
(STEM, JEOL ARM-200F). X-ray photoelectron spectroscopy (XPS) measurements
were conducted on a Thermo Scientific K-Alpha instrument.

5.2.3. Electrochemical Measurements
Electrochemical measurements: The electrochemical performance of all the samples
was tested using 2032-coin cells, which were assembled in a glove box filled with Ar
atmosphere. The working electrode was composed of 75 wt. % active material, 15 wt. %
carbon black, and 10 wt. % sodium carboxymethyl cellulose (CMC). These materials
were mixed with several drops of deionized water and hand-milled for 30 minutes to
obtain a uniform slurry. The slurry was coated onto copper foil using a flat scraper and
dried in a vacuum oven at 80 oC overnight. The thickness of the active material on the
copper foil is 150 μm, with the mass loading of about 1 mg cm-2. The coated copper
foil was cut into round disks and using as a working electrode, while a sodium piece
was used as the counter electrode and glass fiber (Sigma-Aldrich, F6911-100EA) as
the separator. The electrolyte consisted of 1.0 M NaClO4 dissolved in ethylene
carbonate/diethyl carbonate (EC/DEC, v/v = 1: 1) with 1 wt. % fluoroethylene
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carbonate (FEC) additive. The electrochemical performance of the coin cells was
evaluated on a LAND Battery tester at 25 oC. Cyclic voltammograms (CVs) and
electrochemical impedance spectra (EIS) were collected on a Biologic VMP-3
electrochemical workstation at different sweep rates.

5.3. Results and Discussion

Figure 5.1 Schematic illustration of the formation process for sulfur-doped Na2Ti3O7.
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Figure 5.2 (a) XRD pattern, (b) SEM image, and (c, d) TEM images of SiO 2
nanospheres.

Figure 5.3 (a) SEM image, and (b, c) TEM images of SiO2@TiO2 nanospheres.
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Figure 5.4 (a) SEM images and (b-f) TEM images of the sodium titanate product after
hydrothermal reaction for 12 h.
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Figure 5.5 TEM images of products hydrothermally treated for (a) 0 min; (b) 30 min;
(c) 60 min; (d) 70 min; (e) 80 min; (f) 90 min; (g) 120 min; (h) 360 min; (i) 720 min.

Figure 5.6 (a) Nitrogen adsorption-desorption isotherm, (b) Barrett-Joyner-Halenda
(BJH) desorption pore size distribution.
The products were achieved by a templating route followed by a sulfurization
process, as shown in Figure 5.1. First, SiO2 nanospheres with a mean diameter of ~
300 nm were synthesized through a typical Stöber method (Figure 5.2). Second,
coating a thick TiO2 layer (90 nm) on the surface of SiO2 through hydrolysis of
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tetrabutyl titanate (TBOT) (Figure 5.3). Finally, double-shell Na2Ti3O7 microspheres,
with the shells constructed from ultrathin 2D nanosheets were obtained by
hydrothermal treatment of SiO2@TiO2 in NaOH solution. The average diameter of the
double-shell Na2Ti3O7 microspheres was 580 nm (Figure 5.4), which is larger than
that of SiO2@TiO2 because of the expanded Na2Ti3O7 nanosheets. In the general hard
template route, the obtained Na2Ti3O7 microspheres should consist of the singleshelled hollow sphere, not a double-shelled structure, because only one single shell
processor was coated on the surface of the template. Therefore, the time evolution of
this unusual double-shell structure was studied to understand its formation mechanism.
As shown in Figure 5.5, the inner SiO2 sphere was corroded away at the beginning
and forming a very thick single-shell hollow structure (Figure 5.5a-c). As the
reaction proceeded, ultrathin nanosheets were detected on the inner surface of the shell,
and a void space was observed in the middle of the thick shell (Figure 5.5d). When
the reaction time was further prolonged, the void space became bigger and bigger
(Figure 5.5e), and then the double-shell was generated (Figure 5.5f). The reason may
be that the thick and porous TiO2 layer is sufficient enough to provide two interfaces
for independent nucleation, so that the sodium titanate nanosheets grow in opposite
directions (inner and outer). As the TiO2 is etched, the Na2Ti3O7 nanosheets grow
larger and larger. When the TiO2 is depleted completely, an in-situ interface is
generated, resulting in the double-shell structure. Broken microspheres also confirmed
the formation process. As shown in Figure 5.4e, all the nanosheets of the inner shell
grow inward. On further prolonging the reaction time, the nanosheets of the inner shell
self-assemble and shrink to form a smaller shell to reduce the surface energy (Figure
5.1c-g, Figure 5.5d-f). The titania-etching and titanate-growth may be smoothed
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through Ostwald ripening.[20-22] These double-shell microspheres have exceptional
structural virtues that make them brilliant candidates for advanced anode materials: (1)
their highly porous nature offers high specific surface area (151.8 m2 g-1) with plentiful
active sites for sodium redox chemistry (Figure 5.6); (2) the double-shell not only
provides void space for accommodation of the mechanical stresses aroused by the
volume variations during de/sodiation, but also makes reasonable use of space to
improve the density of the sample. To further improve the electrochemical properties
of the Na2Ti3O7, we sulfurized the double-shell Na2Ti3O7, using thiourea to narrow its
band gap and thus increase its electronic conductivity. For comparison, double-shell
Na2Ti3O7 was also calcined under the same conditions but without thiourea. Here, the
hydrothermal product obtained at 140 oC after 12 h is denoted as NTO, the product
after calcination is denoted as C-NTO, and the sulfurized product is denoted as S-NTO
for ease of differentiation.

Figure 5.7 (a, b) Scanning electron microscope (SEM) images of S-NTO, (c) TEM
image, (d-f) high-angle annular dark-field – scanning TEM (HAADF-STEM) images,
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with the inset in (e) showing the structure, and (g) energy dispersive spectroscopy
(EDS) mapping images of O, Na, S, and Ti for the S-NTO sample.

Figure 5.8 (a) SEM image, (b, c) TEM images, and (d) HAADF-STEM image of the
C-NTO sample.

Figure 5.9 (a) High-resolution TEM image of the NTO sample.
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Figure 5.10 XRD patterns of (a) NTO sample after hydrothermal reaction for 12 h, (b)
C-NTO sample, (c) S-NTO sample. (d) Comparison of these XRD patterns.

Figure 5.11 (a-e) EDS mapping images of O, Na, and Ti for the C-NTO sample.
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Figure 5.12 (a-f) EDS mapping images of O, Na, S, and Ti for the S-NTO sample.
The morphologies and detailed microstructures of the synthesized products were
characterized by field-emission scanning electron microscopy (FESEM) and TEM. As
shown in Figure 5.7a, S-NTO is composed of uniform microspheres with rough
surfaces and an average size of 580 nm, which is completely the same as NTO. Their
double-shell feature is revealed by the broken microsphere (Figure 5.7b), in which
one can clearly see the inner shell. TEM images further demonstrate that the
microspheres are double-shell structures constructed from connected ultrathin
nanosheets (2−6 layers) (Figure 5.7c-e). The thickness of the outer shell is about 100
nm, and that of the inner shell is about ~ 90 nm. The broken microspheres demonstrate
that all the ultrathin nanosheets of the inner shell have grown inward (Figure 5.7d).
The interlayer spacing of S-NTO is 0.87 nm, corresponding to the (001) planes of
Na2Ti3O7 (Figure 5.7e), which is larger than that of C-NTO (0.84 nm, Figure 5.8) and
NTO (0.83 nm, Figure 5.9). This is in agreement with the X-ray diffraction (XRD)
patterns which show a trifling shift to a lower angle (Figure 5.10) after sulfuration.
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The enlarged interlayer spacing arise from the atomic radius of sulfur larger than that
of oxygen, and which is favorable for the sodium insertion and extraction. From the
high-resolution TEM (HRTEM) images of S-NTO nanosheets, the clear lattice spacing
could correspond to the (-204) and (401) planes of NTO (Figure 2f).[23] The elemental
mapping displays the homogeneous elemental distribution of O, Na, and Ti in the CNTO sample (Figure 5.11). After the sulfuration, the element S is also evenly
distributed in the S-NTO sample (Figure 2g), regardless of whether it is the inner shell
or the outer shell (Figure 5.12).

Figure 5.13 (a) UV-vis diffuse reflectance spectra of NTO, C-NTO, and S-NTO, with
corresponding photographs in the insets; (b) plots of (αhν)1/2 vs. hν, where v is the
frequency, h is Planck’s constant and α is the adsorption coefficient. High-resolution
XPS spectra of (c) S 2p for S-NTO, and (d) Na 1s, (e) Ti 2p, and (f) O 1s for the NTO,
C-NTO, and S-NTO samples.
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Figure 5.14 XPS survey spectrum of C-NTO.

Figure 5.15 XPS survey spectrum of S-NTO.
In previous reports, sulfur doping could narrow the band gap of Ti-O based
materials and thus increase their ionic/electronic conductivity.[24] Therefore, the band
gap energy of the synthesized samples was investigated through ultraviolet-visible
(UV-vis) diffuse reflectance spectra (Figure 5.13a and 3b). Compared to NTO, the
adsorption edge of C-NTO shifts to ~ 330 nm, and that of the S-NTO sample shifts to
360 nm. The corresponding trailing adsorption of the S-NTO sample runs from about
320 to 480 nm, as observed in the UV-vis spectrum (Figure 5.13a). Therefore, the
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bandgap energy of the NTO, C-NTO, and S-NTO are 3.7, 3.49, and 2.12 eV,
respectively (Figure 5.13b). The band-gap narrowing is ascribed to the doping of S
atoms into the lattice of Na2Ti3O7, which could reduce the electron transition energy
from the valence to the conduction band and thus induce an obvious shift in the
adsorption edge to lower energy.[25,26] These changes are also reflected in the colors of
the samples. The color of NTO is white, but it became light grey and yellow after
calcination and sulfurization, respectively (insets in Figure 5.13a).
The composites and the chemical states of the synthesized samples were further
investigated by X-ray photoelectron spectroscopy (XPS). The survey spectra of the
samples are very similar, except that the element sulfur appears in the S-NTO (Figures
5.14 and 5.15). The S 2p peaks can be deconvoluted into two peaks centered at 162.3
eV and 167.7 eV (Figure 3c), corresponding to the S-Ti and S-O bonds, respectively.[27]
The formidable S-Ti peak demonstrates that the major doping state of sulfur is S2-.[2830]

This is very different from what was reported previously in the literature, where

most of the sulfur in doped samples was S4+.[28,29] This difference may be due to the
different doping sources. In their cases, they used sulfur powder as the sulfur source,
while in our case, we used H2S (generated from thiourea) instead. H2S as the
sulfurization agent always leads to S2- formation in the final products.[28,29] Because of
the substitution of sulfur with lower electronegativity for oxygen, the binding energy
of Ti 2p in S-NTO shifts to lower energy (Figure 5.13d).[27-29] However, the Ti 2p3/2
and Ti 2p1/2 peaks of the C-NTO sample are also slightly shifted to lower energy
compared to NTO. This result may be originated from the fact that Ti4+ is partially
reduced to Ti3+ under inert atmosphere.[33] Similarly, the Na 1s peak of S-NTO is
shifted to lower energy due to the changing chemical environment surrounding the
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sodium (Figure 5.13e). Obvious changes in the O 1s peaks between the NTO, C-NTO,
and S-NTO samples are also observed (Figure 5.13f). In NTO and C-NTO, the O 1s
peaks can be deconvoluted into peaks at 529.2 and 531.4 eV, which attributed to OTi-O and Ti-O bonds, respectively. In the S-NTO sample, two more peaks located at
higher energy (531.8 and 532.9 eV) are detected, which are assigned to O-Ti-S and OS bonds.[29] All the results indicate that the S-NTO is a sulfur-doped sample. The sulfur
content is 2.0 at.% for S-NTO, which was calculated based on the XPS results.[34]

Figure 5.16 Electrochemical performance of the S-NTO electrode. (a) CV curves for
the first 4 cycles of S-NTO measured at a sweep rate of 0.1 mV s-1. (b) Galvanostatic
charge-discharge curves of S-NTO at the 1 C rate for different selected cycles. (c)
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Cycling performances of S-NTO, C-NTO, and NTO at a current density of 2 C. (d)
Long cycling stability of S-NTO at the 50 C rate. (e) Rate performances of S-NTO, CNTO and NTO at different rates. (f) The rate capability of S-NTO compared to other
reported NTO based electrodes for SIB batteries.

Figure 5.17 (a) CV curves of NTO for the first 6 cycles, measured at a sweep rate of
0.1 mV s-1. (b) CV curves of C-NTO for the first 5 cycles, measured at a sweep rate of
0.1 mV s-1. (c) Galvanostatic charge-discharge curves of NTO at the 1 C rate for
different selected cycles. (d) Galvanostatic charge-discharge curves of C-NTO at the
1 C rate for different selected cycles.
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Figure 5.18 EIS spectra of S-NTO, C-NTO, and NTO samples at the charge state of
0.8 V after five cycles.

Figure 5.19 Long cycling performance of S-NTO at the high current density of 20 C.

Figure 5.20 EIS spectra of S-NTO sample after the 1st and the 100th cycles.

Chapter 5: Boosting Sodium Storage of Double-Shell Sodium Titanate Microspheres
Constructed from 2D Ultrathin Nanosheets via Sulfur Doping
131
Table 5.1 Electrochemical performance comparison of Na2Ti3O7-based materials.
Type of material

Binder, electrolyte

Cycling capacity (mAh g-1) at
current density (mA

g-1)

Rate Capacity (mAh
g-1)

Ref.

at current

density (mA g-1)
Layered Na2Ti3O7

PVdF-HPF copolymer,

20 cycles: 200 (9)

None

1

1100 cycles: 85 (400)

173.4 (50), 121.3

2

NaPF6 (1 M) in PC,
Na2Ti3O7

PVDF, 80:10:10,

Microflowers

NaClO4 (1 M) in

(100), 99.7 (200), 84.6

EC/DEC,

(400),

5 vol % FEC

73.8 (800),

Carbon coated

sodium alginate, 70:15:15

Na2Ti3O7

NaClO4 (1 M) in

100 cycles: 142 (311)

83.75 (3110)

3

1000 cycles: 68 (8800)

210 (177), 179 (354),

4

EC/DMC, 10 wt% FEC
Na2Ti3O7@N-

CMC, 60:30:10,

doped carbon

NaClO4 (1 M) in

142 (885), 120 (1770),

hollow spheres

EC/DEC,

94 (3540), 82 (5310),
63 (8850)

NaTi1.5O8.3

PVDF, 70:20:10

nanoribbons

NaCF3SO3 in diglyme

150 cycles, 136(200)

210 (50), 179 (100),

5

142 (1000), 120
(2000),

S-TiO2 layer

Binder-free

1200 cycles, 101 (885)

287 (35.4), 227 (88.5),

coated Na2Ti3O7

NaClO4 (1 M) in

10000 cycles, 78 (1770)

186 (177), 151 (354),

nanotube arrays

EC/DMC, 2 % FEC

6

111 (885), 84 (1770),

grown on Ti
Tunnel structured

PVDF, 70:20:10,

Na2Ti6O13

NaPF6 (1 M) in EC/DMC,

1400 cycles, ~ 70 (100)

65 (1000),

7

100 cycles, 92 (9.6)

No

8

10000 cycles, 65 (6200)

227 (35), 210 (88),

9

5 vol % FEC
P2-type

PVDF, 75:15:10,

Na2/3Ni1/6Mg1/6Ti2/3

NaClO4 (1 M) in PC,

O2

5 % FEC

Hydrogenated

Binder-free,

Na2Ti3O7 arrays

NaClO4 (1 M) in

190 (177), 164 (354),

on Ti substrates

EC/DMC, 2 % FEC

130 (885), 99 (1770),

Na2Ti6O13/Na2Ti3O

CMC, 70:15:15

cuboid

NaClO4 (1 M) in PC,

(39.2), 143.8 (98),

5 % FEC

131.4 (196), 117.0

7

200 cycles, 173.6 (19.6)

175.6 (19.6), 161.7

10

(392), 93.3 (588),
Single-crystalline

PVDF, 70:20:10,

100 cycles, ~ 70 (19.8)

Na2Ti3O7/Na2Ti6O1

NaClO4 (1 M) in PC,

100 cycles, ~ 75 (980)

PVDF, 70:20:10,

200 cycles, 99 (400)

3

190 (35.6), 92 (980)

11

61 (1000)

12

nanorods
K2Ti6O13

nanowires
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NaPF6 (1 M) in EC/DEC,
with FEC
Na2Ti6O13

Binder-free

200 cycles, 145 (100)

42 (3200)

13

nanotube arrays

NaClO4 (1 M) in

200 cycles, 110 (200),

EC/DEC,

5000 cycles, 55 (400)

Amorphous

PVDF, 80:10:10

3500 cycles, 100 (500)

98 (2000)

14

sodium titanate on

NaClO4 (1 M) in EC/PC,

15

CNTs
Ultra-small

PVDF, 70:20:10,

500 cycles, 104 (1000)

200 (20), 180 (50),

nanoparticles

NaClO4 (1 M) in EC/PC,

500 cycles, 84 (2000)

165 (100), 146 (200),

MgTi2O5 in carbon

128 (500), 109 (1000),

nanorods

86(2000),

Spider-web

Binder-free

100 cycles, 200 (400)

425 (50), 250 (100),

architecture

NaClO4 (1 M) in

200 (200), 150 (500),

Na2Ti3O7 on Ti

EC/DMC,

125 (1000),

16

substrate
Microspheric

PTFE, 75:15:10

100 cycles, 108 (354)

Na2Ti3O7

NaClO4 (1 M) in PC,

100 cycles, 85 (3540)

no

17

Na2Ti3O7/carbon

Kynar 2801, 70: 20: 10

50 cycles, ~ 120 (17.7)

175 (17.5), 71 (885)

18

black

NaClO4 (1 M) in EC/PC,

Na2Ti6O13/graphite

Kynar 2801, 90: 10

5000 cycles, ~ 15 (1000)

No specific data

19

composite

NaClO4 (1 M) in EC/PC,

Na2Ti3O7

NaAlg,

60 cycles, 60 (17.7)

64 (354)

20

CMC, 75:15:10,

100 cycles: 188 (354)

222 (177), 196 (354),

Th

NaClO4 (1 M) in EC/DEC

1000 cycles: 165 (885)

167 (885), 150 (1770),

is

consisting of tiny
nanotubes

NaFSI (1 M) in PC
S-NTO

13000 cycles: 122 (8850)

142 (3540), 133

w

(5310), 127 (7080),

or

105 (8850)

k
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Figure 5.21 SEM image of S-NTO after rate cycling.

Figure 5.22 Galvanostatic charge-discharge curves of S-NTO at various rates.
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Figure 5.23 Galvanostatic charge-discharge curves of (a) C-NTO and (b) NTO at
various rates.
The Na-storage mechanism of the as-fabricated samples was investigated through
the cyclic voltammetry (CV) technique. As shown in Figure 5.17a and b, the CV
curves of C-NTO and NTO are almost the same, which demonstrate the typical Nastorage features of Na2Ti3O7 nanosheets, displaying energy storage at high voltages in
the range of 0.5 to 2.5 V (vs. Na/Na+).[16] For the CV curves of S-NTO shown in Figure
5.16a, the broad peak at around 0.5 V in the cathodic process of the initial cycle is
ascribed to electrolyte decomposition to form the solid electrolyte interphase (SEI)
layer, and these peaks disappear in the following cycles due to the irreversible
reaction.[35-37] The peak centred at 0.8 V is due to the sodium ion insertion into
Na2Ti3O7 along with the reduction of Ti4+ to Ti3+.[36-39] This peak shifts to 0.85 V in
the subsequent cycles, probably stemmed from reduced overpotential for the reversible
sodium storage.[8] S-NTO shows a very similar CV curve to NTO and C-NTO in the
first cycle (Figure 5.16a). However, a new obvious peak at 0.25 V is observed in the
second anodic process. This peak may arise from the increased sodium storage sites
that are created by the sulfurization process. Furthermore, the CV curves of S-NTO
are more stable than those of NTO and C-NTO, because the curves of S-NTO overlap
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very well after the first cycle, while those of NTO and C-NTO do not overlap
completely. These results indicate that the S-NTO electrode has better electrochemical
reversibility than NTO and C-NTO electrodes. Galvanostatic charge-discharge
profiles of the synthesized samples are in agreement with the CV curves. As shown in
Figure 5.16b, after the first cycle, the profiles of S-NTO are overlapping from 10 to
100 cycles. The voltage profiles of NTO and C-NTO, however, do not coincide well
in the same condition (Figure 5.17c and d). Significantly, a voltage plateau below 0.3
V is observed in the discharge profiles of S-NTO. Simultaneously, a very small plateau
at 0.3 V in the charge profiles is detected. These two plateaus cannot be discovered in
the profiles of the NTO and C-NTO samples, however (Figure 5.17c and d), indicating
that they are originated from the sulfur doping. The S-NTO electrode delivers a
discharge capacity of 457 mAh g-1 and charge capacity of 250 mAh g-1 at 1 C (1 C =
177 mA g-1, referring to 2 sodium ions inserted into NTO in 1 h) in the first cycle,
corresponding to a Coulombic efficiency of 54.7%, which is higher that of C-NTO
(50.2%) and NTO (43.0%). Their low first cycle Coulombic efficiencies are attributed
to the irreversible formation of the SEI layer.[36-39]
The cycling performances of the samples were studied and are shown in Figure
5.16c. All the samples display capacity fading in the first few cycles and then attain
stable values because of the SEI layer formation. As predicted, S-NTO delivers the
highest capacity and the most stable cyclability. After 100 cycles at 2 C, S-NTO retains
a specific capacity of 188 mAh g-1. In contrast, the parent NTO only delivers a capacity
of 97 mAh g-1, which is only half that of S-NTO. Although the capacity of C-NTO is
increased (127 mAh g-1) by the Ti3+ produced in the calcination,[10] it is still much
lower than that of S-NTO. The improved performance is related to the lower charge

Chapter 5: Boosting Sodium Storage of Double-Shell Sodium Titanate Microspheres
Constructed from 2D Ultrathin Nanosheets via Sulfur Doping
137
transfer resistance and the better interfacial kinetics endowed by the sulfur doping
(Figure 5.18). The long-term cycling stability of the S-NTO samples at high rate 20 C
and 50 C were further investigated (Figure 5.16d and Figure 5.19). S-NTO could
retain a capacity of 162 mAh g-1 after 15000 cycles at 20 C, and 122 mAh g-1 after
13000 cycles at 50 C. Both Coulombic efficiencies are approximately 100% after the
first several active cycles, revealing the stable SEI layer of S-NTO and the structural
stability during cycling. Such an outstanding cyclability agrees well with the charge
transfer resistance, which decreases as the cycling proceeds due to the dynamic
activation process of the electrodes (Figure 5.20).[11] To the best of our knowledge,
these are the longest cycling performances and the highest capacity values reported for
Na storage in titanium-based electrodes, representing the extreme efficiency of our
designed sulfur-doped NTO (Table 5.1).
Rate capabilities of the as-prepared samples were also elevated and are shown in
Figure 5.16e. Strikingly, the S-NTO still delivers the best rate capability. The specific
capacity of S-NTO is higher than those of NTO and C-NTO at every stage of current
density. This is consistent with the cyclability and CV curves. S-NTO exhibits specific
capacities of 222, 196, 167, 150, 142, 133, 127, and 105 mAh g-1 at 1, 2, 5, 10, 20, 30,
40, and 50 C, respectively. It is impressive that the capacity recovers to 215 mAh g-1
when the current density is restored to 1 C, demonstrating that the S-NTO structure
can tolerate various current densities (Figure 5.21). From the galvanostatic chargedischarge profiles at different current densities (Figures 5.22 and 5.23), S-NTO
displays smaller polarization at higher rates than the C-NTO and NTO samples, further
confirming the better sodium ion diffusion and ion conductivity. This superior rate
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performance is also better than those of the reported Na2Ti3O7 based materials,
especially at high rates (Figure 5.16f and Table 5.1).

Figure 5.24 Kinetic analysis of the electrochemical behavior of the S-NTO electrode.
(a) CV curves of S-NTO at various sweep rates from 0.1 to 100 mV s-1. (b) Plots of
peak current versus the corresponding sweep rate. (c) A plot of normalized capacity
versus corresponding sweep rate-1/2, inset CV curve showing the capacitive
contribution at 5 mV∙s-1 (shaded area). (d) The capacitive contribution ratio at various
sweep rates.
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Figure 5.25 CV curves of S-NTO at various sweep rates from 0.1 to 2 mV s-1.

Figure 5.26 The black line is the CV curve of S-NTO and the shaded region is the
capacitive contribution at 1.2 mV s-1.
For a better understanding of the outstanding electrochemical properties of the SNTO sample, CV curves at various sweep rates were collected to assess the kinetic
characteristics of this material toward Na storage (Figure 5.24). The CV curves share
a similar shape in the range of 0.1 to 100 mV s−1, namely, all include wide cathodic
and anodic peaks (Figure 5.24a and Figure 5.25). As the sweep rate is increased, the
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shape of the curve becomes more and more rectangular, which is characteristic of a
surface diffusion process.[44-46] Figure 5.24b displays the b values determined by the
slope of the plot of log i versus log v based on the following equation:[46-48]
i = avb

(1)

(i: current density; v: sweep rate; a, b: constants). In general, the b value of 0.5
demonstrates diffusion-controlled behavior (battery-type), and the b value of 1.0
reveals a surface diffusion process (capacitor-type). In S-NTO, the calculated b value
is 0.98 for the cathodic peak and 0.95 for the anodic peak from 0.1 to 5 mV s-1, both
quite close to 1, illustrating the high contribution of capacitive behaviour. The large b
values demonstrate that most of the sodium storage occurs on the surface or near the
surface, which agrees well with the HRTEM and Brunauer-Emmett-Teller (BET)
measurements. The ultrathin nanosheets (2−6 layers) and the large BET surface area
guarantee that sodium storage only occurs on the surface or near the surface. Above
the scan rate of 5 mV s-1, the b value decreases to 0.60 and 0.64 for the cathodic and
anodic peaks, respectively, which may be attributed to the increasing ohmic resistance
and diffusion constraints at high rates.[46] The relationship between the normalized
capacity and the sweep rate, which could distinguish the charge storage mechanism,
can be divided into two regions (Figure 5.24c).[47] For the sweep rates > 2.0 mV s-1,
the normalized capacity decreases with an increasing sweep rate, demonstrating the
diffusion-controlled charge storage mechanism. In contrast, the capacity is mostly
independent of the sweep rate below 2.0 mV s-1, indicating a surface diffusion process.
Further analysis of the relationship between the sweep rate and current responses
could quantitatively discriminate between the relative capacitive and diffusioncontrolled contributions at a specific voltage. The current response (i) at a given
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potential (V) is a blended process of diffusion-controlled insertion (k2ν1/2) and
capacitive effects (k1ν), where ν is the sweep rate and k1 and k2 are parameters:[49,50]
i(V) = k1ν + k2ν1/2 (2)
Based on this equation, the contribution of surface capacitive effects and
diffusion-controlled intercalation to total charge storage can be identified at a given
potential (details in the Supporting Information). It can be seen that the diffusioncontrolled process mainly occurs in the potential range of the redox peak, where the
Ti4+/Ti3+ redox reaction may smooth the Na diffusion process (Figure 5.26). As
presented in Figure 5.24d, the relative ratio of the capacitive contribution improves
with an increasing sweep rate, reaching 89% at the sweep rate of 5 mV s-1. Such
pseudocapacitive behaviour is highly beneficial to long-term cyclability and high rate
capacity.

Figure 5.27 (a, b) TEM images of S-NTO after 100 cycles.
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Figure 5.28 (a-c) TEM images, (d) elemental mapping, and (e) EDS spectrum of SNTO after 100 cycles. (f) High-resolution XPS spectra of S 2p for S-NTO after 100
cycles. (g) Schematic illustration of the sodiation/desodiation process.

Figure 5.29 (a, b) TEM images of S-NTO after 20 cycles.
The high rate capacity and long cycling stability of S-NTO is attributed to the
synergistic effects of the unique double-shell structure and sulfur doping. The ultrathin
nanosheets promote easy pathways for sodium ion insertion/extraction and much more
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contact area between the electrode and the electrolyte. Importantly, after the 100th
cycle, the outer layer of the structure has negligible deformation, and the inner shell
keeps its original morphology (Figure 5.27), demonstrating that the unique doubleshell structure is very stable during cycling (Figure 5.28a). A rough SEI layer is first
formed on the surface of S-NTO after the first few cycles (Figure 5.29), but it finally
presents a very uniform, continuous, and thin layer after long cycles (Figure 5.28b),
confirming the excellent cycling stability without much side reaction between the
electrode and electrolyte. In addition, the elemental mapping and EDS analysis reveal
that sulfur is still distributed evenly in the S-NTO material (Figure 5.28d and e).
Furthermore, high-resolution XPS spectra of S 2p confirm that the status of sulfur is
very stable and like its initial state (Figure 5.28f). The sulfur doping enhances the
electronic/ionic conductivity and provides more sodium ion storage sites in the S-NTO
sample, with benefits for improved capacity and cyclability (Figure 5.28g). These
effects both contribute to the intercalation pseudocapacitive behavior of sodium ions
in the S-NTO sample, ensuring superior electrochemical performance.

5.4. Conclusion
In summary, sulfur-doped double-shell S-NTO microspheres constructed from
ultrathin nanosheets were hydrothermally synthesized with a subsequent sulfidation
using thiourea as a sulfur source. The S-NTO double-shell microspheres delivered
superior Na-storage capability endowed by its unique nanostructure and the sulfurdoping. Kinetic analysis by CV demonstrated that the sodium storage process of the
as-synthesized sample is a surface diffusion process (pseudocapacitive process), and
the pseudocapacitive contribution can attain a high level of 89% of the total charge
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storage at the sweep rate of 5 mV s-1. Therefore, the double-shell microspheres
delivered a high specific capacity (~222 mAh g-1 at 1 C), excellent cycling stability
(162 mAh g-1 after 15000 cycles at 20 C), and superior rate capability (122 mAh g-1 at
50 C). We are convinced that similar sulfur doping strategies will contribute to
developing advanced Na-storage electrodes in the future.
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Abstract: Room-temperature sodium-sulfur (RT-Na-S) batteries are highly desirable
for grid-scale stationary energy storage due to its low cost; however, short cycling
stability caused by the incomplete conversion of sodium polysulfides is a major issue
for their applications. Herein, we introduce an effective sulfur host, gold nanodots
decorated on hierarchical N-doped carbon microspheres (CN/Au/S), to achieve
completely reversible conversion reactions in the S cathode through electrocatalyzing
low-kinetics conversion Na2S4 into NaS2 (discharge process) or S (charge process).
Besides, gold nanodots and N-doped carbon can increase the conductivity of the S
cathode and provide strong polar-polar adsorption of sodium polysulfides to alleviate
the shuttling effects. When serving as cathode, the CN/Au/S can realize enhanced
sulfur utilization, excellent cycling stability, and outstanding rate capability. This work
deepens our understanding of the catalytic effect of gold atoms on sulfur molecules,
opening a new avenue for cathode design and the development of advanced RT-Na-S
batteries.

6.1. Introduction
Efficient energy storage and conversion is essential to realize a sustainable society
because it is the bridge between the grid and the intermittently available renewable
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energy sources1,2. Among the various state-of-the-art energy storage devices, the
room-temperature sodium-sulfur battery (RT-Na-S, Scheme 1a) has attracted
particular attention due to its advantages of resource abundance (both sulfur and the
sodium), nontoxicity, low cost, and high energy density1-3. Unfortunately, the practical
application of RT-Na-S has been retarded by several primary challenges, such as the
low conductivity of sulfur and sodium sulfides, the huge volume variation of sulfur,
and the low electroactivity of S and Na, as well as the dissolution of sodium polysulfide
(NaPS) intermediates during cycling3,4. The sluggish reactivity of S with Na causes an
incomplete reduction of NaPS towards Na2S (in discharge process) or S (in charge
process), resulting in low sulfur utilization and reversible capacity5-8. The dissolution
of polysulfide intermediates incurs shuttling effects and serious self-discharge and
exacerbates capacity decay. Therefore, the priority is to realize the confinement and
conversion of the polysulfides in the cathode for a better RT-Na-S.
Recent research has gained progress in trapping NaPSs through physical and
chemical anchoring strategies, based on the lessons from Li-S batteries9-14. Carbon
nanostructures, the most studied sulfur host, have been scientifically devised with good
electrical conductivity and appropriate pores to host sulfur particles and physically
restrict NaPSs. Their nonpolar feature cannot produce effective interactions with the
polar sodium polysulfides, however, and the corresponding S cathodes suffer from
gradual capacity decay and poor rate capability. Recently developed polar hosts, such
as metal dichalcogenides and metal nanoparticles, have demonstrated effective
trapping of NaPSs through polar–polar interactions or strong chemical binding.
Although the performance of RT-Na-S batteries was enhanced to some extent, these
results are still far from expectation due to the sluggish reaction kinetics of Na2S and
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NaPSs15. For example, Wang et al. discovered that the reversible reactions of RT-NaS could only occur between S8 and Na2S4, based on in-situ synchrotron X-ray
diffraction (XRD), corresponding to a capacity of 418 mAh g-1. This is only a quarter
of the theoretical capacity of a Na−S battery when the Na-storage reaction is fully
complete with Na2S as the final discharge product (1672 mAh g-1)13. Furthermore, the
sluggish kinetics of this process not only causes an accumulation of soluble NaPSs in
the cathode, which inevitably exacerbates the shuttle effect, but also results in the
formation of large Na2S particles, which are hard to recycle in the following dischargecharge processes due to their harsh activation energy and poor electrical
conductivity3,16. Therefore, advanced strategies to improve the kinetics of NaPS
conversion at the cathode need to be developed.
Various

catalysts,

such

as

platinum

(Pt),

cobalt

(Co),

and

metal

oxides/sulfides/nitrides, have been utilized to enhance the conversion rates of soluble
lithium polysulfides to insoluble S (in the charge process) or Li2S (in the discharge
process)17-23. Significantly, Arava et al. found that the use of Pt or Au as a catalyst
could greatly enhance the reaction kinetics of the Li-S battery, because the strong nonchemisorbed gold-sulfur bond (2.5 eV) can effectively immobilize polysulfides
without decreasing their reuse in the following cycle17,24. Furthermore, gold
nanocatalysts (with particle diameters below 10 nm) have been demonstrated to be
astonishingly active towards electrochemical energy storage reactions, with examples
such as Au-doped MnO2 and nanoporous gold/MnO2 films delivering significantly
enhanced supercapacitor performance25,26. This concept has been introduced into the
RT-Na-S system to solve the same problems as in Li-S batteries15,16. Nevertheless,
electrochemical reversibility between sodium disulfide and sulfur is not achieved15.
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Nor have high rate RT-Na-S batteries been realized. Encouraged by the good
conductivity and catalytic activity of gold atoms, in particular, since gold is more
stable in electrochemical reactions than other transition metals, the introduction of gold
into the RT-Na-S system is expected to solve its sluggish kinetics problems effectively.
Here we propose a new class of electrocatalytic gold nanodots as a catalyst for
advanced RT-Na-S batteries. Based on in-situ X-ray diffraction (XRD) patterns, cyclic
voltammetry (CV), and theoretical calculations, we find that gold nanocrystals can not
only effectively trap the NaPSs via the strong gold-sulfur binding to alleviate the
shuttle effect, but also greatly boost the conversion rates of NaPSs to improve the
utilization of sulfur. In particular, gold nanodot-decorated carbon hosts could
catalyze intermediate Na2S4 so that it is completely transformed into Na2S in the
discharge process and into S in the charge process, facilitating a completely reversible
reaction between S and Na2S. Consequently, the CN/Au/S cathode delivered excellent
electrochemical performance, including high specific capacity (701 mAh g-1 after the
110th cycle at 0.1 A g-1), long cycling stability, and high rate capability (369 mAh g-1
at 10 A g-1 after 2000 cycles), demonstrating great potential for application in largescale energy storage devices.

6.2. Experimental Section
6.2.1. Materials Synthesis
MnCO3 microsphere synthesis: MnSO4·H2O (2.366 g) was dissolved in a mixture of
ethanol (98 mL) and deionized water (980 mL). Simultaneously, NH4HCO3 (11.06 g)
was dissolved in deionized water (980 mL), and then was quickly added to the above
prepared MnSO4 solution under stirring. The mixture was just maintained overnight
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without stirring. The resultant light pink precipitation was filtered and collected to
obtain MnCO3 microspheres.
Carbon microsphere synthesis: The obtained MnCO3 microspheres were heated at
550 oC under the Ar atmosphere for 1 h with a heating rate of 2 oC min-1. Afterwards,
0.4 g of the obtained Mn2O3 microspheres were dispersed ultrasonically in deionized
water. Then, melamine (0.08 g), resorcinol (0.166 g), ethanol (11.6 ml), and
ammonium hydroxide (0.066 mL) were added to the resultant dispersion. The mixture
was kept under stirring for 30 min at 40 oC. After that, 0.4 ml of formaldehyde was
added to the above solution dropwise, with continuous stirring for 6 h at 40 oC. The
obtained mixture was centrifuged at a low speed to collect the precipitated Mn2O3@C
microspheres. The Mn2O3@C microspheres were heat-treated at 650 oC under Ar
atmosphere with a heating rate of 2 oC min-1 to form MnO with an activated carbon
layer coating. Finally, the MnO@C microspheres were treated with dilute hydrochloric
acid solution to remove MnO core, and carbon microspheres were left.
Carbon microspheres loaded with gold nanoparticles and sulfur: 15 mg of the aboveobtained carbon microspheres and 40 μL of HAuCl4 1 wt. % aqueous solution was
dispersed in 8 mL of ethanol under stirring for 45 min. Simultaneously, 4 mg of NaBH4
was dissolved in a mixture of 4 mL of ethanol and 4 mL of water. Then, after
centrifugation of the carbon microspheres with HAuCl4, the obtained NaBH4 solution
was added to the sediment under stirring in an ice water bath for 15 min. The carbon
microspheres loaded with gold nanoparticles were collected after washing with ethanol
and drying at 60 oC. For sulfur loading, 20 mg of carbon microspheres with
encapsulated gold nanoparticles and 80 mg of sulfur powder were sealed in a tube and
heated at 155 oC for 12 h, and then at 350 oC for 2 hrs.
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6.2.2. Materials Characterization
The composition of the samples was investigated on a GBC MMA X-ray
diffractometer (XRD, Cu Kα radiation) instrument. The sulfur content was conducted
on a Mettler-Toledo TGA/DSC1 Star System from 50 to 900 oC. The valence states of
the elements were analyzed by X-ray photoelectron spectroscopy (XPS). The specific
surface area and porosities of samples were collected on a Micromeritics Tristar ii
3020 analyzer. The morphologies of the products were detected using field-emission
scanning electron microscopy (FESEM, JEOL JSM-7500FA), transmission electron
microscopy (TEM, JEOL 2011), and scanning transmission electron microscopy
(STEM, JEOL ARM-200F).

6.2.3. Electrochemical Measurements
The active materials, Super P, and carboxymethyl cellulose (CMC) binder were mixed
in a mass ratio of 7: 2: 1, and then a few drops of water were added to them to form a
uniform slurry. The thus-formed slurry was evenly coated on aluminum foil using a
doctor blade and then dried in a vacuum oven for 12 h at 50 oC. The Al foil was
punched into small rounds for use as cathodes, while the sodium metal served as the
anode and glass fiber (Sigma-Aldrich, F6911-100EA) served as the separator. The
electrolyte was 1.0 M NaClO4 dissolved in propylene carbonate (PC) with 5 wt. %
fluoroethylene carbonate (FEC) additive. The coin-type 2032 cells were assembled in
an argon-filled glove box and tested on a LAND Battery tester at 25 oC in the voltage
range from 0.8 to 2.8 V. The cyclic voltammograms and electrochemical impedance
spectra (EIS) were collected on a Biologic VMP-3 electrochemical instrument. The
coin-type 2032 cells were used for in-situ synchrotron XRD characterization, with two
holes punched on both sides of the cell.
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6.2.4. Calculation Method
All density functional theory (DFT) calculations were performed using the Vienna Ab
Initio Simulation Package (VASP). The generalized gradient approximation (GGA)
was applied to treat the exchange-correlation energy with the Perdew-Burke-Ernzerhof
(PBE) functional. The projector augmented wave (PAW) method was employed to
describe electron-ion interactions, with the cut-off energy of 400 eV. A 30 Å  30 Å
 30 Å supercell was constructed, and N-doped carbon with 60 carbon atoms was
modeled with edge-hydrogenated graphene, which was located in the center of the
supercell. Adsorbed Au structures were built from clusters of four Au atoms added on
to the N-doped carbon. All structures in the calculations were relaxed until the
convergence tolerance of the force on each atom was smaller than 0.02 eV. The energy
convergence criterion was set to be 1 ×10-4 eV for self-consistent calculations, and kpoint sampling was restricted to the Gamma point only. The Gibbs free energy of
conversion G was calculated by the following equation,
G = (GNaxSy – xGNa – y/8GS8) / (x + y)
where GNaxSy is the Gibbs free energy of molecules NaxSy. GNa and GS8 are the energy
per atom of Na and S in the solid sodium and S8 molecules, respectively.
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6.3. Results and Discussion
6.3.1. Synthesis and Structure of the CN/Au/S Composite.

Figure 6.1 (a) Schematic of working principle of a sulfur cathode for RT-Na-S
batteries, and RT-Na-S batteries are regarded as an important choice to modulating
renewable resources (solar, wind, etc.) for large-scale applications. (b) Synthesis
protocol for the CN/Au/S microspheres used in Na-S batteries
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Figure 6.2 (a-c) SEM images and (d) XRD pattern of MnCO3 (JCPDF Card no. 441472).

Figure 6.3 (a-c) SEM images and (d) XRD pattern of Mn2O3 (JCPDF Card no. 411442).
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Figure 6.4 (a-c) SEM images and (d) XRD pattern of MnO@N-C (JCPDF Card no.
07-0230).

Figure 6.5 (a, b) SEM images, (c) TEM image, and (d) XRD pattern of N-doped
carbon microspheres after treatment with HCl solution.
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The formation procedures for CN/Au/S are schematically illustrated in Figure
6.1. First, uniform MnCO3 microspheres (Figure 6.2) were heated in the Ar
atmosphere to decompose into porous Mn2O3 microspheres, in which Mn2O3
nanoparticles cross-linked to form the porous structure (Figure 6.3). Then resorcinolformaldehyde resin and melamine as the carbon and nitrogen source, respectively,
were used to coat a carbon layer on the surfaces of the cross-linked Mn2O3
nanoparticles as well as the whole microspheres. During carbonization in the Ar
atmosphere, the coated Mn2O3 composite can transform into MnO@N-doped carbon
microspheres (denoted as MnO@CN) (Figure 6.4). Hierarchical porous microspheres
cross- linked by ultrathin N-doped carbon nanosheets (denoted as CN, Figure 6.5)
were obtained by a facile HCl etching process. Afterwards, gold nanodots were loaded
into the interior crosslinking carbon nanosheets of the CN, which is denoted as CN/Au.
Followed by the S encapsulation process, a CN/Au/S composite is prepared and
expected to be a multifunctional S cathode in RT-Na-S batteries. The CN microspheres
with interconnected interior 2D nanosheets can serve as micro reactors of S during
charge/discharge processes, which can not only supply channels for electrolyte
penetration and ion transport, but also can serve as reservoirs to alleviate dissolution
of polysulfide intermediates via both physical and polar adsorption. More importantly,
combined with increasing conductivity of S cathode and forming the non-chemisorbed
gold-sulfur bond. The ultrafine gold nanodots could provide catalysis effectively
towards the conversion of sodium polysulfides, which will further boost the
electrochemical performance of RT-Na-S batteries.
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Figure 6.6 Morphology characterization of CN, CN/Au, and CN/Au/S samples. (a)
SEM image of one broken CN microsphere. (b) STEM image of a CN/Au sample with
particle size distribution of gold nanodots (inset). (c) Dark-field STEM image, (d)
STEM image of CN/Au/S sample with particle size distribution of gold nanodots
(inset). (e) Dark-field TEM image and corresponding elemental mapping images of
CN/Au/S sample.

Figure 6.7 (a) SEM image, (b) dark-field TEM image, with the inset showing lower
resolution, (c) STEM image and (d) dark-field TEM image and corresponding
elemental mapping images of the CN/Au sample.
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The morphological evolution of CN, CN/Au and CN/Au/S samples was shown in
Figure 6.6. A broken CN microsphere clearly displays cross-linked N-doped carbon
nanosheets inside, and the thickness of the utmost spherical layer is ~ 10 nm (Figure
6.6a). The low-magnification SEM images demonstrate the same morphology of CN
and CN/Au samples, with a diameter of around 2 μm (Figure 6.7). Specifically,
scanning transmission electron microscopy (STEM) images illustrate that Au nanodots
with the mean size of 1.8 nm are uniformly distributed on the carbon nanosheets (both
external and internal) (Figure 6.6 and Figure 6.7c). In contrast, the size of Au
nanodots in CN/Au/S increases to 2.5-5.0 nm after sulfur loading, which is due to the
strong adsorption of Au nanodots for sulfur and agglomeration of Au nanodots during
the heating process, (Figure 6.6c-e). Furthermore, corresponding elemental mapping
demonstrates that sulfur is more likely to be distributed along with the gold atoms
rather than the CN backbones, indicating the strong adsorption between Au and S.

Figure 6.8 Structural characterization of the CN/Au/S sample. (a) XRD patterns of
CN/Au/S, CN/Au, CN, and S samples. (b) TGA curve of CN/Au/S and CN/S samples.
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(c) N2 adsorption/desorption isotherms and pore size distribution (inset) for CN/Au
and CN/Au/S samples. High-resolution XPS spectra of (d) N 1s and (e) S 2p for
CN/Au/S sample, and (f) Au 4f for the CN/Au and CN/Au/S sample.

Figure 6.9 XRD pattern of the sulfur loaded CN (CN/S) sample.

Figure 6.10 (a) XPS survey spectrum (a), and high-resolution XPS spectra of (b) C 1s
and (c) N 1s for the CN sample.
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Figure 6.11 XPS survey spectrum (a) and high-resolution XPS spectrum (b) of C 1s
for the CN/Au/S sample.

Figure 6.12 XPS survey spectrum (a), and high-resolution XPS spectra of (b) C 1s and
(c) N 1s for the CN/Au sample.
The XRD patterns of CN/Au/S, CN/Au, CN, and S are shown in Figure 6.8a.
The narrow and sharp diffraction peaks demonstrate that pristine sulfur is in a high
crystallization state, while the plain lines of CN and CN/Au manifest the amorphous
nature of CN and the ultra-fine size of the Au nanodots. After encapsulating crystalline
sulfur into the CN (sample denoted as CN/S) and CN/Au, the sharp diffraction peaks
of bulk crystalline sulfur almost completely disappear (Figure 6.9), demonstrating that
the sulfur is highly dispersed in a low-molecular monolayered state inside the pores of
the carbon host, which in agreement with the thermogravimetric analysis (TGA)
results16,27. As shown in Figure 6.8b, two-thirds of the sulfur has evaporated at
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temperatures above 270 °C, which indicates that most of the sulfur is confined in the
micropores or encapsulated in the hollow spaces of the carbon matrix. Such a welldispersed state would greatly improve the electrical conductivity of the sulfur
cathode13,16. The sulfur content was confirmed by TGA to be 52.9 wt % for CN/S and
56.5 wt % for CN/Au/S. The slightly higher S ratio of CN/Au/S is likely due to the
strong adsorption of ultrafine Au nanodots on S. The N2 adsorption analysis for CN/Au
the samples demonstrate Type IV isotherms along with H3 hysteresis loops,
demonstrating the mesoporous structure of carbon microspheres (Figure 6.8c). The
CN/Au sample possesses a high surface area (766.4 m²/g) and pore volume (0.66
cm³/g), calculated based on the Brunauer-Emmett-Teller (BET) method, with the pore
size distribution centered around 2.8 nm (inset to Figure 6.8c). After sulfur loading,
the surface area and pore volume sharply decreased to 71.4 m²/g and 0.17 cm³/g,
respectively, owing to the sulfur filled into the pores of the CN/Au microspheres27.
The chemical states of the CN, CN/Au, and CN/Au/S samples were further
investigated by X-ray photoelectron spectroscopy (XPS). The N 1s spectrum of
CN/Au/S and CN could be divided into three peaks at 398.9, 399.7 and 400.8 eV,
which are attributed to the binding energies of pyridinic, pyrrolic and graphitic
nitrogen respectively (Figure 6.8d and Figure 6.10), respectively28-30. The C 1s
spectrum in Figure 6.11 can be fitted as a sum of C-C (284.6 eV), C-N (286.2 eV), CO (287.1 eV), and C=O (288.7 eV) bonds, which resulted from moisture in the sample
as well as the native surface groups28-30. The N heteroatom doping could effectively
enhance the interaction between the carbon host and the lithium polysulfide guests in
Li-S batteries through the introduction of polarity. Hence, it is expected that CN hosts
with the N heteroatom doping could also facilitate a better anchoring effect on NaPSs
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in Na-S batteries31. After loading with Au and sulfur, the survey spectra of the
CN/Au/S and CN/Au samples indicate the presence of Au and S elements without any
changes in the C or N spectrum (Figure 6.12), because no chemical reaction takes
place between the carbon matrix and the sulfur, indicating that there is mainly physical
adsorption between CN hosts and sulfur guests. Figure 6.8e displays two typical peaks
at 163.8 and 165.0 eV, corresponding to signals of S 2p3/2 and S 2p1/2, owing to the
spin-orbit split coupling. In addition, the peak located at 168.4 eV is assigned to sulfate
with highly oxidized sulfur species30. For the CN/Au sample, two typical peaks at 84.0
and 87.7 eV generated from Au 4f7/2 and Au 4f5/2, respectively, are observed in Figure
6.8f, demonstrating that chloroauric acid is completely reduced to Au(0)29. As for the
Au 4f spectrum in the CN/Au/S sample, the peaks with higher binding energy
compared to the CN/Au sample indicate the strong adsorption between Au nanodots
and sulfur guests, which is predicted to achieve strong interfacial interaction to trap
sodium polysulfides during cycling, resulting in long cycling stability.
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6.3.2. Electrochemical Mechanism

Figure 6.13 Mechanism of CN/Au/S activity in RT-Na-S batteries. (a) In-situ
synchrotron XRD patterns of charged and discharged CN/Au/S sample in RT-Na-S
batteries. (b) Contour plot of XRD patterns with selected theta for intermediate
products. (c) Charge/discharge profiles of CN/Au/S and CN/S samples. CV curves for
(d) CN/Au/S and (e) CN/S samples.
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Figure 6.14 (a) Ex-situ XRD patterns for charged and discharged CN/Au/S sample.
(b) Charge and discharge curves for CN/Au/S sample. (c) Ex-situ XRD patterns for
charged and discharged CN/S sample. (d) Charge and discharge curves for CN/S
sample. (a: 2.2 V; b: 1.8 V; c: 1.2 V; d: 0.8 V; e: 1.5 V; f: 1.8 V; g: 2.2 V; h: 2.8 V).

Figure 6.15 CV curves for (a) CN/Au/S and (b) CN/S samples.
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To understand the Na−S chemistry of CN/Au/S, in-situ synchrotron XRD (λ =
0.6888 Å) (SXRD) was performed to track the changes in the produced species during
discharge/charge processes. As shown in Figure 6.13, relatively strong characteristic
peaks of sulfur are detected in the fresh cell because of the high-resolution of SXRD.
In the initial discharge state (OCP (open-circuit potential) -1.8 V), the peaks of sulfur
gradually become weak, while the peaks of polysulfides (Na2S5, JCPDS Card No. 440823) evolve and are growing in intensity (2.0-1.8 V). With the depth of discharge
increasing (from 1.8 to 1.0 V), the peaks of Na2S5 gradually disappear; meanwhile, the
peaks of Na2S4 (JCPDS Card No. 25-1112) start to show increasingly high intensity.
When the cell is further discharged (0.8 V), only Na2S is detected without any other
sulfur species, indicating that Na2S4 has been totally converted into Na2S (JCPDS Card
No. 47-1698). This result is very different from that found in previous work (with only
carbon used as the host material), where Na2S4 and Na2S were both observed in SXRD
when the cell was discharged to 0.8 V, which is also consistent with our ex-situ XRD
investigation (Figure 6.14). When the CN/S sample was discharged to 0.8 V, Na2S4
and Na2S were both detected. These results revealed that gold nanodots could
effectively catalyze soluble Na2S4 into insoluble Na2S in the discharge process.
In the subsequent charge process, Na2S4 is observed in both in-situ synchrotron
XRD and ex-situ XRD investigations (Figure 6.13a, 6.13b and Figure 6.14). More
surprisingly, unlike single-atom cobalt catalyst, gold can catalyze Na2S4 to totally turn
into S in the charge process (2.4-2.8 V). Without the Au catalysis, some irreversible
Na2S4 can be detected in CN/S (Figure 6.14b). As shown in Figure 6.13c, the different
electrochemical reactions between CN/Au/S and CN/S can also be identified in the
charge-discharge process. Although both samples displayed a plateau at about 2.25 V
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(in the discharge), the intensity for CN/Au/S is much stronger than that for CN/S,
indicating that S is more fully converted into polysulfide in CN/Au/S than in CN/S,
which reflected by the XRD patterns, as the peak intensity of NaPSs for CN/Au/S is
stronger than for CN/S (Figure 6.14). The slopes between 2.25-1.8 V and 1.8-1.3 V
are almost identical in the two samples, resulting in similar XRD patterns in this region.
The biggest difference occurs at 1.3-0.8 V, where the slope of CN/Au/S is much longer
than that of CN/S, corresponding to complete Na2S4 conversion to Na2S in CN/Au/S
and not in CN/S. The first discharge capacity of CN/Au/S is 2050 mAh g-1, which is
almost twice that of CN/S (1325 mAh g-1).
These reaction discrepancies are also reflected in the CV curves. As shown in
Figure 6.15, the first cathodic peak attributed to the reduction of solid S to soluble
long-chain polysulfides was found at 1.62 V for CN/Au/S and 1.6 V for CN/S, and the
peak intensity of CN/Au/S is little stronger than that of CN/S. The peak corresponding
to the sodiation of long-chain polysulfides to Na2S4 and then to Na2S is centered at
1.01 V for CN/Au/S and 0.9 V for CN/S. This peak of CN/Au/S is reversible and shifts
to 1.04 V in the following cycles (Figure 6.13d). That of CN/S is not detected in
following cycles, however, indicating that this reaction is not fully reversible in CN/S
(Figure 6.13e). In the charge process, two anodic peaks are observed in both samples.
The first one is ascribed to the formation of Na2S4 and polysulfides, and the second
one corresponds to oxidation of polysulfides to S. The second peak of CN/Au/S is
much stronger than that of CN/S, which is in good agreement with the in-situ SXRD
and ex-situ XRD data, where Na2S4 is completely changed into S by the Au catalyst in
CN/Au/S.
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6.3.3. Theoretical Analysis

Figure 6.16 Energy profiles for sodium polysulphides on CN and CN/Au samples. (a)
The adsorption energies and (b) the Gibbs free energies of NaPSs bound on the
nitrogen-doped carbon surface and Au decorated nitrogen-doped carbon.
To gain further insight into the electrochemical catalytic performance of Au in
Na-S batteries, a theoretical investigation based on density functional theory (DFT)
calculations were conducted. First, the adsorption energies of NaPSs (Na2S4, Na2S3,
Na2S2, and Na2S) on the nitrogen-doped carbon surface and onAu decorated nitrogendoped carbon were investigated by DFT calculations (Figure 6.16). The nanosheets in
the CN sample are very thin and can be considered as assembled from several layers
of graphene, and thus, single-layer graphene is applied in modeling the carbon
substrate to compute the adsorption of NaPS molecules. We calculate their binding
energy (Ebind) based on the following relationships:
Ebind = Esub+molecule - Esub - Emolecule
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where Esub+molecule is the total energy of the substrate with the molecule adsorbed, and
Esub and Emolecule are the total energies of the substrate and the isolated molecule,
respectively. In general, negative binding energy demonstrates a positive adsorption
capability, and the strength of the adsorption capability enhances as it becomes more
negative. The calculated binding energies of S8, Na2S4, Na2S3, Na2S2 and Na2S are
−0.03, −0.32, −0.78, −1.10 and −0.93 eV, respectively, for nitrogen-doped carbon
(Figure 6.16a). After loaded with Au nanodots, the adsorption capability of the
substrate greatly improves. As shown in Figure 6.16a, the binding energies of S8,
Na2S4, Na2S3, Na2S2 and Na2S are changed to −1.63, −2.97, −3.06, −3.52, and −3.94
eV, respectively, on the Au loaded carbon. This result demonstrates that the Au
nanodots could remarkably strength the interaction between the NaPSs and the carbon
host, which is favorable for the activity of the sulfur and effectively prevents shuttling
of polysulfides.
Next, the S reaction pathways of both CN/S and CN/Au/S cathodes were studied.
The overall reaction according to the reversible production of Na2S from S8 and Na
was considered. In the discharge process, the first step is the reduction of S8 to form
Na2S4 by Na+, following which, Na2S4 experiences further reduction and, in turn, the
formation of three intermediate NaPSs, that is, Na2S4, Na2S3, and Na2S2, resulting in
the formation of Na2S as the final product. The Gibbs free energies of the intermediates
were calculated based on the above reactions on both CN and CN/Au supports, and
the results displayed in Figure 6.16b. The downhill path of the free energy from S8 to
Na2S means spontaneous exothermic conversion, and all the conversions are
spontaneous. This is more energetically favorable for CN/Au than for CN because of
its lower Gibbs free energy values. Catalyzing the reduction of S8 on CN/Au is crucial
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to drop the energy barrier and greatly enhance battery performance. Therefore, these
Au nanodots could effectively mitigate the shuttle effect by confining the polysulfides
through their enhanced adsorption capability by polar−polar interactions. More
importantly, Au nanodots could electrocatalyze sodium polysulfide conversion and
improve the utilization of S, resulting in high specific capacity and energy density.
These factors make CN/Au/S a promising cathode for high-performance RT-Na-S
batteries for large-scale energy storage.

6.3.4. Electrochemical Performance

Figure 6.17 Electrochemical performance of RT-Na-S batteries. (a) Cycling
performance at 0.1 A g-1 and (b) rate performance of CN/S and CN/Au/S samples. (c)
Rate performances of CN/S and CN/Au/S samples compared to references. (d) Long-
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term cycling stability of CN/Au/S sample at a current density of 10 A g-1. (e) Cycling
performances of CN/S and CN/Au/S samples compared to references. (f) CV curves
of CN/Au/S samples from 0.1 to 2.0 mV s-1. (g) Charge-discharge curves at various
current densities for the CN/Au/S sample. (h) The energy density (inset) and power
density of CN/S and CN/Au/S samples

Figure 6.18 (a) Cycling performance at a current density of 100 mA g-1, and (b) rate
performance of N-doped carbon microspheres in the voltage range of 0.8 to 2.8 V.
Note: The initial discharge and charge capacity for CN microspheres is 361 and 50
mAh g-1, respectively, with a Coulombic efficiency of 13.85%, due to the solid
electrolyte interphase (SEI) formation because of the high specific surface area. The
CN microspheres deliver reversible capacities of 32 mAh g-1 at a current density of
100 mA g-1. Thus, the capacity contribution of CN microspheres could be ignored in
the CN/Au/S system.
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Figure 6.19 Long-term cycling stability of CN/Au/S sample at a current density of 2
A g-1.

Figure 6.20 XPS spectra of Au 4f for the CN/Au/S sample after 100 cycles at a current
density of 0.1 A g-1
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Figure 6.21 Nyquist plots of CN/S and CN/Au/S samples were collected from 100
kHz to 1Hz in the initial state and after 100 cycles. The inset is an enlargement of the
high-frequency region and its equivalent circuit. Note: The electrochemical impedance
spectroscopy (EIS) plot is composed of a sloping line in the low-frequency region that
is related to the Warburg diffusion process and one depressed semicircle in the highfrequency region corresponding to the charge-transfer resistance (Rct).

Figure 6.22 CV curves of CN/S sample from 0.1 to 2.0 mV s-1.

Chapter 6: High-Performance Room-Temperature Sodium-Sulfur Battery Enabled by
Electrocatalytic Sodium Polysulfides Full Conversion
175

Figure 6.23 Charge-discharge curves at various current densities for the CN/S sample.
Based on the mechanism analysis and theoretical predictions for the CN/Au/S
sample in RT-Na-S batteries, the electrochemical performances of the synthesized
samples were comprehensively investigated. Because of the catalytic effect of Au
nanoparticles, the CN/Au/S delivers not only a much higher specific capacity, but also
much better rate properties than CN/S (Figure 6.17a and b). The CN/Au/S sample
delivered an initial discharge capacity of 1967 mAh g-1 and maintained 701 mAh g-1
after the 110th cycle at 0.1 A g-1. The high first discharge capacity may come from the
decomposition of theelectrolyte to form the solid electrolyte interphase (SEI) layer, as
well as the side reactions between the electrolyte and the carbon host (Figure 6.18).
In contrast, the CN/S only displays a discharge capacity of 1253 mAh g-1 in the first
cycle, and only keeps 330 mAh g-1 after the 110th cycle at 0.1 A g-1. Both samples show
quick capacity fade in the initial cycles due to the loss of dissolved long-chain
polysulfides, and they then attain relatively good cycling stability. The rate capability
of CN/Au/S and CN/S was assessed at various current densities from 0.05 to 20 A g-1
in the voltage window of 0.8 to 2.8 V and shown in Figure 6.17b. At every stage of
current density, CN/Au/S exhibits a higher capacity than CN/S. The CN/Au/S shows
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average capacities of 1010, 830, 755, 678, 599, 532, 414, 297, 230, and 181 mAh g-1
at corresponding current densities of 0.05, 0.1 0.2, 0.5, 1, 2, 5, 10, 15, and 20 A g-1.
More significantly, the capacity of CN/Au/S could revert to 934 mAh g-1 when the
current density returned to 0.05 A g-1, demonstrating that the CN/Au/S can endure
various current densities. The rate property of CN/Au/S is not only better than that of
our synthesized CN/S, but also the previous reports on RT-Na-S (Figure
6.17c)9,13,32,33-35. To the best of our knowledge, such an extremely high rate
performance of RT-Na-S batteries significantly exceeds those reported previously.
It is indispensable but difficult to realize long-term cycling performance at high
rate for current RT-Na-S batteries because of the poor sulfur reaction activity and
severe polysulfide shuttle effect. Therefore, prolonged cycling of CN/Au/S was
performed at the high rates of 2 A g-1 and 10 A g-1 (Figure 6.17d and Figure 6.19) to
evaluate its long-term cycling stability. Impressively, the CN/Au/S can maintain a
reversible capacity of 430 mAh g-1 after 1000 cycles at 2 A g-1, and 369 mAh g-1 at 10
A g-1 after 2000 cycles. This is the longest cycling lifespan among the present RT-NaS batteries. Comparing the cycling performance to previous RT Na-S references, the
CN/Au/S sample shows a remarkable high capacity and stable cycling performance
(Figure 6.17e)2,9,12-14,32,33-39. The enhanced performance of CN/Au/S is attributed to
the unique material design strategy. The interconnected N-doped carbon nanosheets
could serve as a highly conductive network for sulfur, electrons, and polysulfides.
Moreover, the outer carbon shell could confine the polysulfides, and the N-doping also
effectively enhances the interaction between the carbon host and the polysulfides to
limit the shuttle effect. Most importantly, the Au nanodots can catalyze polysulfide
transformation, which improves the sulfur reactivity and utilization, and it is stable
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during cycling (Figure 6.20). Thus, the CN/Au/S is a very effective sulfur host for
RT-Na-S batteries.
To further understand the Au catalytic effect and the outstanding electrochemical
performance of CN/Au/S, the electrochemical impedance spectroscopy (EIS) and CV
curves at various rates were collected. As shown in Figure 6.21, CN/Au/S presents
lower charge transfer resistance than CN/S, which may arise from the improved
conductivity of Au nanodots. In addition, the charge transfer resistance gradually
decreases during cycling, which demonstrates the dynamic activation process of the
electrodes, enabling long cycling performance. This is different from the previous
reported RT-Na-S batteries, which exhibited an impedance increase owing to the
accumulation of Na2S in the cathode during cycling, causing a gradual capacity loss.
It is worth pointing out that the cathodic peak around 2.4 V in CN/Au/S attributed to
the transformation of Na2S4 to S can be observed in the CV curves at every rate (Figure
6.17f), demonstrating that Au nanodots can catalyze polysulfide transformation even
at high current density. In comparison, without the Au nanoparticles, the peak
gradually disappears with increasing scan rate (Figure 6.22). In addition, the peak at
1.04 V (ascribed to the conversion of Na2S4 to NaS2) of CN/Au/S is also stronger than
that of CN/S, which means that the Au nanoparticles are still working in the cathodic
process. This process is further confirmed by the fact that the CN/Au/S sample presents
smaller polarization than the CN/S at higher current densities (Figure 6.17g and
Figure 6.23). It should be noted that the gravimetric energy/power densities are
affected by the specific capacity, and thus the CN/Au/S sample delivers higher
gravimetric energy/power densities than CN/S (Figure 6.17h). Therefore, the
CN/Au/S cathode is a reasonable choice for RT-Na-S batteries.
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6.4. Conclusions
In summary, we describe an emerging high-performance RT-Na-S battery in which Ndoped carbon microspheres decorated with gold nanodots serve as an effective sulfur
host. The cross-linking inside channels permits mass transport and electrolyte
infiltration. The nitrogen doping and gold nanodots can enhance the adsorption
between the polysulfides and carbon via polar-polar interactions. Furthermore, the
thick outside shell can physically confine the reactions inside of the sphere, which can
relieve the polysulfide shuttle effect. More importantly, the gold nanodots play a very
critical role as an electrocatalyst, which enables the intermediate Na2S4 to be
completely transformed into the final product Na2S, contributing to enhanced
reactivity of the sulfur cathode and high accessible capacity. Thus, the resultant
CN/Au/S cathode presents long cycling stability and high rate capacity (701 mAh g-1
after 110 cycles at a 0.1 A g-1 and 369 mAh g-1 after 2000 cycles at 10 A g-1). This
work not only provides a deeper understanding of catalyzing the activity of sulfur
molecules in RT-Na-S batteries, but also opens new opportunities to enable highperformance RT-Na-S batteries for grid-scale stationary energy storage systems
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Chapter 7
7. General Conclusions and Outlook
7.1. General Conclusions
This doctoral work aims to develop large-scale energy storage systems, which is the
priority to integrate renewable but intermittent energy sources, such as solar and wind,
into the electric grid. SIBs and RT-Na-S batteries are emerging to be very promising
candidates as high energy density, low-cost, and large-scale stationary storage systems.
Defects sites-rich porous carbon materials and sulfur-doped sodium titanate
microspheres were used as anodes for SIBs, and gold nanoclusters decorated N-doped
carbon nanosheets used as the sulfur host for RT-Na-S batteries. These works focused
on designing electrode materials with advantageous architectures by novel synthetic
strategies, and further to develop a comprehensive understanding of the effects of their
defects, dopants and structural features on the final battery performance using
advanced state-of-art techniques, realizing the high specific capacity, long-term
cycling stability and high safety SIBs.
Carbon materials: Novel porous carbon materials were fabricated by an in-situ
template approach using biomass sodium alginate as raw material. Carbon materials
at various carbonization temperatures were synthesized from 500 to 1000 °C, and the
direct correlation between the physicochemical properties and the carbonization
temperatures of the carbon samples was studied. C-600, having the most defects,
exhibited a high capacity of 112 mAh g-1 after 15000 cycles at the high current density
of 10 A g-1, implying excellent long-term cycling stability. Na+ intercalation by the
pseudocapacitance mechanism, which enables long cycle life and ultra-fast rate
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capacity, in the C-600 sample was confirmed by the powerful CV technique at
different scan rates. Additionally, full cells based on Na3V2(PO4)3-C cathode and C600 anode were assembled, delivering a high working voltage (2.9 V), good cycling
stability (400 cycles), and high rate capacity (150 mAh g-1 at a current density of 2 A
g-1). This method is efficient, affordable, and capable of large-scale production to reach
actual application of carbon anodes for SIBs.
Sulfur-doped Na2Ti3O7: Sulfur-doped double-shell S-NTO microspheres constructed
from ultrathin nanosheets were hydrothermally synthesized with a subsequent
sulfidation using thiourea as sulfur source. The S-NTO double-shell microspheres
delivered superior Na-storage capability endowed by its unique nanostructure and the
sulfur-doping. Kinetic analysis by CV technique demonstrated that the sodium storage
process of the as-synthesized sample is a surface diffusion process (pseudocapacitive
process), and the pseudocapacitive contribution can attain a high level of 89% of the
total charge storage at the sweep rate of 5 mV s-1. Therefore, the double-shell
microspheres delivered a high specific capacity (~222 mAh g-1 at 1 C), excellent
cycling stability (162 mAh g-1 after 15000 cycles at 20 C), and superior rate capability
(122 mAh g-1 at 50 C). We are convinced that similar sulfur doping strategies will
contribute to developing advanced Na-storage electrodes in the future.
Sulfur cathode: We describe an emerging high-performance RT-Na-S battery in which
N-doped carbon microspheres decorated with gold nanodots serve as an effective
sulfur host. The cross-linking inside channels permits mass transport and electrolyte
infiltration. The nitrogen doping and gold nanodots can enhance the adsorption
between the polysulfides and carbon via polar-polar interactions. Furthermore, the
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thick outside shell can physically confine the reactions inside of the sphere, which can
relieve the polysulfide shuttle effect. More importantly, the gold nanodots play a very
critical role as an electrocatalyst, which enables the intermediate Na2S4 to be
completely transformed into the final product Na2S, contributing to enhanced
reactivity of the sulfur cathode and high accessible capacity. Thus, the resultant
CN/Au/S cathode presents long cycling stability and high rate capacity (701 mAh g-1
after 110 cycles at a 0.1 A g-1 and 369 mAh g-1 after 2000 cycles at 10 A g-1). This
work not only provides a deeper understanding of catalyzing the activity of sulfur
molecules in RT-Na-S batteries, but also opens new opportunities to enable highperformance RT-Na-S batteries for grid-scale stationary energy storage systems.

7.2. Outlook
To further develop practical sodium-ion batteries to satisfy the demand of large-scale
energy storage systems, the future direction of SIBs research should focus on exploring
novel electrode architectures and revealing their electronic properties, clearly
elucidating reaction mechanisms of sodium insertion/extraction, constructing Na-ion
full cells and exploit the huge potential of Na metal anodes.
To Further develop novel, low cost, and simple methods for preparing electrode
materials with controlled morphology, reduced particle size, and porosity, which are
expected to facilitate ion/electron transfer and improve the cycling stability. To
investigate the structural and electronic properties of electrode materials by utilizing
state-of-the-art surface and structural characterization techniques. The detailed
electronic structure, active sites, charge transfer and transport behaviors, and surface
reconstructions will be revealed at the atomic level. These findings will provide a
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platform for further understanding of designing electrode materials for sodium-ion
batteries.
In addition, storage mechanisms of sodium insertion/extraction of electrode
materials should be studied at the same time using in-situ or ex-situ technologies. For
example, quantifying the faradaic and non-faradaic reactions of titanium-based or
carbon-based anode materials, as well as revealing their electrochemical surface
processes and charging mechanisms, are subjects that need to be investigated.
To construct Na-ion full cells with high energy density, using optimized negative
electrodes such as titanium-based or carbon-based materials as anodes, and highvoltage positive electrodes such as transition metal oxides, phosphates which are
economical and easy to scale up as cathodes, will highlight the practical application of
SIBs.
To exploit the huge potential of Na metal anodes is important for rechargeable
sodium-ion batteries, sodium metal-based batteries such as RT-Na-S, Na-O2. The Na
metal anode has long been considered as one of the most promising anode types
because it has a high theoretical capacity and lowest electrochemical potential. Some
strategies learned from current experiences in lithium metal, such as constructing an
SEI layer, using robust and electronic conductive scaffolds to solve problems of Na
metal including safety concerns, low efficiency, and large volume changes which
seriously blocks its practical application.
To optimize the current organic electrolytes as they are flammable. The salt,
electrolyte concentration as well as the solvent all can be adjusted to alter the properties
of electrolyte. The alternative ones can be aqueous electrolyte and solid-state
electrolyte.
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